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Abstract 
Ruthenium(II) complexes of multidentate thioether and amine ligands 
GorDan T. Reeves 





Several ruthenium(II) complexes of thioether and amine ligands with heterocyclic 
aromatic ligands have been synthesized and characterized through several physical 
techniques.  X-ray crystallography shows that the Ru(II) complexes are hexacoordinate 
and of octahedral geometry.  The Ru(II) thioether complexes are of the general formula 
[Ru(L1)(L2)]2+, in which L1 is a tetradentate, pyridine-containing thioether ligand and L2 
is a heterocyclic diimine or triimine.  The Ru(II) amine complexes make use of the 
simple amine ligands, Tren (Tris-(2-aminoethyl)amine) and Dien (Bis-(2-
aminoethyl)amine). Both the thioether and amine complexes show high redox potentials 
and strong absorption in the UV-visible range.  Additionally, many of these complexes 





Chapter 1. Introduction 
 
1.1. Chemistry of Ruthenium 
 As a 4d transition metal, ruthenium is kinetically inert, requiring high 
temperatures and longer reaction times than labile 3d metals, such as nickel and copper, 
for synthetic purposes.  As a result, ruthenium complexes are often very stable, and 
ligand exchange can occur with little reorganization.  This stability also allows ligands to 
be modified while coordinated to the metal1. 
 
1.2. Ruthenium Halide Chemistry 
 “RuCl3 . xH2O”, the most commonly used ruthenium starting compound, is 
produced via the reaction of RuO4 and HCl and is mainly a combination of several 
different Ru(IV) complexes.2  The reduction of RuCl3 . xH2O in ethanol/water or aqueous 
hydrochloric acid leads to the formation of “ruthenium blue” (Ru-blue) solutions, which 
have been widely used for some time as the starting complex for a host of Ru(II) and 
Ru(III) complexes.3,4  The earliest references for the production of Ru-blue HCl-based 
complexes go as far back as 1804 and 1846.5,6 The compositions the blue solutions are 
unknown as to date there have been no published crystal structures.  One of the earliest 
reported Ru-blue-based complexes, formed via the addition of hexaammineruthenium(II) 
chloride to a Ru-blue solution, was reported by Lever and Powell.7 Though the exact 
composition of this complex was never determined, analysis8-12 proved that the complex 
consisted of several Ru(II) and Ru(III) nuclei bridged by three chloride ions. 
2 
 Since then, several hexaammineruthenium(II) chloride Ru-blue complexes have 
been synthesized and have been characterized via X-ray crystallography, including 
[Ru2(µ-Cl)3(NH3)6](BPh4)213 and [Ru2(µ-Br)3(NH3)6](ZnBr4)14,  along with several 
Ru2(CH3COO)4Cl-based complexes, such as [Ru3Cl12]4-.15 Mercer and Dumas have been 
able to isolate and characterize the dinuclear [Ru2Cl3]2+ and [Ru2Cl4]+ halide cores from a 
blue solution of K2RuCl5(H2O).16 
 
1.3. Polypyridyl Ruthenium Chemistry 
The luminescence properties of Ru(II) polypyridyl complexes have been heavily 
studied for the last three decades with some of their earliest applications being the 
refinement of solar energy focusing on using the character of the metal complex to split 
water.17   Several hundred Ru(II) polypyridyl complexes have been prepared and used as 
light sources for artificial photosynthesis and light-driven molecular motors 
experiments.18 Many of these complexes have emission in the visible range, which can be 
controlled through the use and combination of various ligands.  Additionally, these 
complexes have been noted for their long excited state lifetimes, making them especially 
important in the development of O2 and pH sensors, electroluminescent cells and 
additives for photovoltaic cells and polymer systems.19-25 
The earliest and most well-known Ru(II) polypyridyl complex is [Ru(bipy)3]2+ 
(bipy is 2,2’-bipyridine)26, which has been used as a template for a host of tris-homoleptic 
Ru(II) polypyridyl complexes.  [Ru(bipy)3]2+ is a highly luminescent complex, with 
metal-to-ligand charge transfer (MLCT)-based emission at 545 nm. This luminescence is 




the octahedral (Oh) model is offset, forming the a1 and e orbital sets of the trigonal D3 







Figure 1.1. Octahedral orbital diagram (left) and the 
trigonal CT excited state diagram (right) 
 
 
Additionally, it has been shown that this CT excited state can be quenched through 
electron transfer from [Ru(bipy)3]2+ to an oxidant such as Fe(H2O)63+ or Ru(NH3)63+.28,29 
One of the earliest and most-widely studied dinuclear Ru(II) polypyridyl 
complexes is the Creutz-Taube [[Ru(NH3)5]2(pyz)]5+ complex (pyz is pyrazine) (Figure 
1.2).  While the tetracationic Ru(II)-Ru(II) complex has been synthesized, the original 
pentacationic Ru(II)-Ru(III) complex was observed for its electron transfer properties.30 
Hundreds of bis(bipy)-Ru(II) complexes have been used to fine-tune some of the 
photoactivtity seen in the tris-homoleptic Ru(II) polypyridyl complexes, but have also 
been used to study isomerism and ligand substitution.31  Recent bis(bipy)-Ru(II) studies 
involve the use of thioether ligands to determine the extent to which thioethers enhance 












Dipyridyldiamine Ru(II) complexes have been used in anti-tumor studies as 
alternatives to cisplatin.  The octahedral geometry of Ru(II) allows for reactivity and 
binding traits that cannot be achieved by the square-planar Pt(II) cisplatin system.34,35  
Goodwin and Lions performed some of the earliest Ru(II) dipyridyldiamine chemistry 
with the synthesis of [Ru(Picen)(Bipy)]2+ and [Ru(PicenMe2)(Bipy)]2+ from the reactions 
of 1,6-bis(2’-pyridyl)-3,6-diazahexane (Picen) and 1,6-bis(6’-methyl-2’-pyridyl)-3,6-
diazahexane (6-Me2Picen) (Figure 1.3) with Ru(III)-based [NH4]Ru(2,2’bipyridine)Cl4.36  
Barnard and Vagg used the dimethyl-based [Ru(Picen)(Bipy)]2+ and the dibenzyl-based 
[Ru(PicenBz2)(Bipy)]2+ (Figure 1.3) to perform a series of DNA binding studies.37  The 
dipyridyldiamine-based isomerism and enantioselectivity and the π-stacking ability of the 
bidentate diimine showed the Ru(II) complexes to be effective as discriminating agents. 
 
1.4. Ruthenium Phosphine Chemistry 
Hundreds of Ru(II) trialkyl- and triarylphosphine complexes have been 
synthesized due to their kinetic lability, allowing them to be used as templates for the 
replication of several different chemical systems.  The most commonly used Ru(II) 
triarylphosphine complex is Ru(PPh3)Cl2,  from which both chlorides and two 
triphenylphosphines can easily  be liberated.  Redox studies have shown that 
triphenylphosphine (PPh3) stabilizes the Ru(IV) state with voltammograms often 




















Figure 1.3. Dipyridyldiamines  
 
 
1.5. Ruthenium Thioether Chemistry 
Metal-thioether complexes are of increasing interest due to their unique redox 
properties.  It has been shown that weak σ-donating thioether ligands are able to raise 
Cu(II)/Cu(I) redox potentials to a greater extent than their σ-donating imine analogues 
such as pyridines and benzimidazoles.40-42  Similar redox potential increase is seen in 
6 
Ru(II)-thioether complexes.43  Goodwin and Lions introduced several dipyridyl thioether 
ligands, most notably, 1,8-bis(2’pyridyl)-3,6-dithiaoctane (Pdto) and the first Pdto-based 
Ru(II) complex, [Ru(Pdto)(2,2’-bipyridine)]2+.36  
The Ru(II) dimethylsulfoxide complexes, [Ru(DMSO)3Cl3]-, Ru(DMSO)4Cl2 and 
[Ru(DMSO)6]2+ are known for being kinetically labile and useful as anti-tumor and DNA 
binding agents.44-46 Farrell and De Oliveira were able to synthesize a series of adenine-
based complexes using the above mentioned Ru(II) DMSO complexes,47 and Khan and 





Figure 1.4.  Adenine and cytosine 
 
 A great deal of recent Ru(II) thioether chemistry makes use of thioether-based 
macrocycles (Figure 1.5) as part of electron-transfer studies, in particular, 1,4,7-
trithiononane ([9]ane-S3).49  Many of these macrocycles have shown the ability to 
stabilize distorted coordination geometries and promote unusual oxidation states in 4d 




Figure 1.5.  Often used thioether macrocycles 
 
1.6. Electronic Spectra of Ru(II) Complexes 
Low spin d6 ruthenium(II) complexes of π-acceptor ligands often display 4d→π* 
metal-to-ligand charge transfer (MLCT) bands at low energy.  A host of Ru(II) 
pentaammine complexes of the template [RuX5L]2+, where X is ammonia and L is 
substituted pyridine ligand, show pyridine-based MLCT bands ranging from 350-550 nm.   
Ruthenium(II) π*→d ligand-to-metal charge transfer bands (LMCT) often fall at higher 
energy than the MLCT bands and in a mixed ligand system where one or more of the 
ligand is a π-acceptor ligand, the LMCT bands are often obscured by the π→π* 
transitions of the π-acceptor ligand (Chapter 4). 
Two d-d transitions, Ru(II) t2g6 (A1g)→t2g5eg1(1T1g, 1T2g), have been observed for 
low-spin octahedral Ru(II) complexes53 , but these bands often fall in the range of 400-
550 nm, and are eclipsed by stronger MLCT bands making it difficult to calculate values 
for 10Dq and the Racah parameter, B, for many of the polypyridyl complexes.54   Ru(II) 
8 
complexes, such as [Ru(H2O)6]2+, [Ru(En)3]2+ and [Ru(Dien)2]2+ , which do not display 
4d→π* MLCT activity,  show two low intensity bands in the ranges of  360-530 nm 
(1T1g) and 295-360nm (1T2g).  In these cases, the lower energy 1T1g band has a 
value of 10Dq-C, where C = 4B, and the difference in the energies of the two d-d 
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Chapter 2. Ligands used in this study 
 
2.1 Introduction 
 For some time, we have been interested in thioethers and aromatic heterocycles, 
such as benzimidazoles and pyrazoles, for use as chelating ligands for metal complexes.1-
3  Ruthenium(II) dipyridyl-thioether, dipyridyl-diamine and polypyridyl complexes, 
particularly those of 2,2-bipyridine and 1,10-phenanthroline, have been studied for the 
last 40 years for their interesting luminescence and electron transfer properties and have 
found recent application in photochemical and biological systems.4,5  Here we present 
several novel polypyridyl ligands, used in Chapters 3 through 5, to produce a series of 
ruthenium(II) complexes with interesting properties (Figures 2.1-2.4). 
 
2.2 Experimental Section 
2-Vinylpyridine, 1,2-ethanedithiol, 1,3-propanedithiol, 1,4-butanedithiol, ortho-
benzenedithiol, bis(2-mercaptoethyl)sulfide, ortho-phenylenediamine, N-methyl-ortho-
phenylenediamine, 2,3-diaminonaphthalene, picolinic acid, 2-benzoylcyclohexanone, 2-
hydrazinopyridine , 2’-fluoroacetophenone, pyridine-2, 6-dicarboxylic acid, and 
polyphosphoric acid (PPA) were purchased (Aldrich, Alfa Aesar, TCI, Reilly, Strem) and 
used as received.  The ligands 1,8-bis(2’-pyridyl)-3,6-dithiaoctane (Pdto)4, 1,9-bis(2’-
pyridyl)-3,7-dithianonane (Pdtn)6, 1,10-bis(2’-pyridyl)-3,8-dithiadecane (Pdtd)1, 1,11-
Bis(2’-pyridyl)-3,6,9-trithiaundecane (Pttu)7,  5,6-dimethyl(2’-pyridyl)benzimidazole 
(DmpbH)8, ortho-phenylenebis(N-methylbenzimidazole) (Ombm)9, N-methyl(2’-
pyridyl)benzimidazole (Mpbi)3, 1-(2’-pyridyl)-3,5-dimethylpyrazole (Dmzp)10, 1-(2’-
13 
pyridyl)-3,5-diphenylpyrazole (Dpzp)11,  N-methyl-(2’-quinoyl)benzimidazole (Mqbi)2, 
2-(2’-pyridyl)benzothiazole (Pbtz)3, 2,6-bis(N-methylbenzimidazol-2’-yl)pyridine 
(Me2Bzimpy)12 and 3-formylcamphor13 were prepared from literature methods.   
Proton NMR spectra were obtained at room temperature using Varian 300 MHz 
and 500 MHz spectrometers.  Proton NMR samples were analyzed in CDCl3 and DMSO-
d6 using TMS as an internal standard. ESI and FAB mass spectrometry were performed 
on a Thermal Finnigan TSQ70 and a VG70SE mass spectrometer, respectively. Single-
crystal XRD data of the (1R)-(+)-camphor-(2’-pyridyl)pyrazole (Capp) ligand were 
collected on a Bruker AXS SMART APEX CCD diffractometer at 100(2) K using 
monochromatic Mo Kα radiation with the omega scan technique (Figure 2.4 and Table 
2.1). The unit cells were determined using SAINT+, and the data were corrected for 
absorption using SADABS in SAINT+. The structures were solved by direct methods and 
refined by full-matrix least squares against F2 with all reflections using SHELXTL. 
Refinement of extinction coefficients was found to be insignificant. All non-H atoms 
were refined anisotropically. 
 
1,8-Bis(2’-pyridyl)-3,6-dithiaoctane (Pdto) (1) 
1,2-Ethanedithiol (5 mmole, 0.47 g) and 2-vinylpyridine (10 mmole, 1.05 g) were 
stirred together for 24 hours.  The resulting tan solid was recrystallized from ethanol to 
yield white flakes, yield 94%. ms: (FAB) 305 (M+, 65%).  1H NMR (DMSO-d6): δ 2.74(t, 
CH2), 2.81(t, CH2), 3.48(t, CH2), 7.20(m, pyridine), 7.41(d, pyridine), 8.49(m, pyridine). 




1,9-Bis(2’-pyridyl)-3,7-dithianonane (Pdtn) (2) 
1,3-Propanedithiol (4.5 mmole, 0.49 g) and 2-vinylpyridine (10 mmole, 1.05 g) 
were stirred together for 24 hours.  The reaction mixture was dissolved in 10 ml of 
ethanol and treated with charcoal. The ethanol was then removed at reduced pressure and 
an amber liquid was obtained, yield 85%. ms: (FAB) 319 (M+, 70%).  1H NMR (DMSO-
d6): δ 2.00(m, CH2), 2.56(t, CH2), 2.85(t, CH2), 2.95(t, CH2), 7.20(m, pyridine), 7.69(d, 
pyridine), 8.48(m, pyridine)  
 
1,10-Bis(2’-pyridyl)-3,8-dithiadecane (Pdtd) (3) 
1,4-Butanedithiol (4.5 mmole, 0.55 g) and 2-vinylpyridine (10 mmole, 1.05 g) 
were stirred together for 24 hours. The reaction mixture was dissolved in 10 ml of ethanol 
and treated with charcoal. The ethanol was then removed at reduced pressure and a 
yellow liquid was obtained, yield 90%. ms: (FAB) 333 (M+, 45%).  1H NMR (DMSO-
d6): δ 1.91(m, CH2), 2.61(m, CH2), 2.86(t, CH2), 3.49(s, CH2), 7.17(m, pyridine), 7.25(m, 
pyridine), 7.67(t, pyridine), 8.50(d, pyridine)  
 
1,2-Bis[3’-(2”-pyridyl)-1’-thiapropyl]benzene (Ppes) (4) 
ortho-Benzenedithiol (4.5 mmole, 0.64 g) and 2-vinylpyridine (10 mmole, 1.05 g) 
were stirred together for 24 hours. The reaction mixture was dissolved in 10 ml of ethanol 
and treated with charcoal. The ethanol was then removed at reduced pressure and an 
amber liquid was obtained, yield 40 %.  ms: (FAB) 353 (M+, 100%), 248 (4%), 279 (2%). 
1H NMR (CDCl3-d3): δ 3.15(t, CH2), 3.31(t, CH2), 7.13(t, benz), 7.15(d, benz), 7.18(t, 
15 
pyridine), 7.33(d, pyridine), 7.59(t, pyridine), 8.55(d, pyridine). UV (acetonitrile): 252 
(17500).  
Anal., calculated for C18H13N3: C, 62.1; H, 5.72; N, 7.95: found: C, 62.0; H, 5.74; 
N, 7.95 
 
1,11-Bis(2’-pyridyl)-3,6,9-trithiaundecane (Pttu) (5) 
ortho-Benzenedithiol (4.5 mmole, 0.64 g) and 2-vinylpyridine (10 mmole, 1.05 g) 
were stirred together for 24 hours.  The resulting tan solid was collected and 
recrystallized from wet ethanol, yield 84 %.  ms: (FAB) 365 (M+, 100%). 1H NMR 
(CDCl3-d3): δ 2.77(t, CH2), 2.82(t, CH2), 3.25(t, CH2), 7.20(t, pyridine), 7.25(d, 
pyridine), 7.59(t, pyridine), 8.44(t, pyridine).  
 
N-phenyl-(2’-pyridyl)benzimidazole (Ppbi) (6) 
This ligand was prepared by a modification of a prior procedure.14  N-phenyl-1,2-
phenylenediamine (40 mmole, 7.4 g) and picolinic acid (44 mmole, 5.4 g) were stirred in 
50 mL of polyphosphoric acid at 205°C for 5 hours.  The reaction mixture was poured 
into ice/water made basic with potassium hydroxide.  The resultant red oil was cooled 
and produced a purple crystalline mass.   This mass was dried and vacuum sublimed 
resulting in an red-orange solid, yield 40%. 1H NMR (CDCl3-d3): δ 7.21(m, benzim), 
7.26(m, benzim), 7.30(m, phen), 7.50(m, phen), 7.75(m, pyridine), 7.91(m, benzim), 
8.42(d, pyridine). UV (acetonitrile): 298 (14900). 




N-methyl-(2’-pyridyl)benzimidazole (Mpbi) (7) 
N-methyl-1,2-phenylenediamine (10.9 mmole, 1.33 g) and picolinic acid (10.56 
mmole, 1.30 g) were stirred in 50 mL of polyphosphoric acid at 185°C for 3 hours.  The 
reaction mixture was poured into ice/water made basic with potassium hydroxide.  The 
resultant dark blue oil was cooled and produced a brown crystalline mass, yield 86%. ms: 
(FAB) 232 (M+Na, 35%), 210 (M+, 98%), 168 (42%)1H NMR (CDCl3-d3): δ 4(s, CH3), 
7.22(m, benzim), 7.37(t, phen), 7.59(m, benzim), 7.85(m, phen), 8.36(t, phen), 8.60(t, 
phen). UV (acetonitrile): 307 (19800). 
 
5,6-dimethyl-(2’-pyridyl)benzimidazole (DmpbH) (8) 
4,5-Dimethyl-1,2-phenylenediamine (100 mmole, 12.3 g) and picolinic acid (100 
mmole, 13.6 g) were stirred in 50 mL of polyphosphoric acid at 180°C for 5 hours.  The 
reaction mixture was poured into ice/water made basic with potassium hydroxide 
yielding a white solid, yield 65%. ms: (FAB) 224 (M+, 100%), 1H NMR (DMSO-d6): δ 
2.57(s, CH3), 7.91(t, pyridine), 8.42(d, pyridine), 7.91(m, pyridine), 7.95(d, pyridine). 
UV (acetonitrile): 319(28000). 
 
ortho-phenylene-bis(N’-methylbenzimidazole) (Ombm) (9) 
4,5-Dimethyl-1,2-phenylenediamine (20 mmole, 2.44 g) and phthalic acid (10 
mmole, 1.66 g) were stirred in 50 mL of polyphosphoric acid at 165°C for 3 hours.  The 
reaction mixture was poured into ice/water made basic with potassium hydroxide 
yielding a brown solid. Recrystallized from ethanol to yield tan blocks, yield 80%. ms: 
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(FAB) 339 (M+, 100%), 1H NMR (CDCl3-d3): δ 3.27(s, CH3), 7.26(d, benzene), 7.70(d, 
benzene), 7.86(d, benzimidazole). UV (acetonitrile): 285(20000). 
 
 
N-methyl-(2’-quinolyl)benzimidazole (Mqbi) (10) 
N-methyl-1,2-phenylenediamine (40 mmole, 7.4 g) and quinaldic acid (40 mmole, 
6.92 g) were stirred in 50 mL of polyphosphoric acid at 185°C for 3 hours.  The reaction 
mixture was poured into ice/water made basic with potassium hydroxide.  The resultant 
dark blue oil was cooled and produced a dark red solid, yield 75%. ms: (FAB) 260 (M+, 
98%), 246 (32%). 1H NMR (DMSO-d6): δ 3.27(s, CH3), 7.25(m, benzimidazole), 7.70(m, 
quinoline), 8.05(2, quinoline), 8.09(d, quinoline).  UV (acetonitrile): 347 (22000), 333 
(22800),  283 (16400), 242 (34400). 
 
2-(2’-pyridyl)naphthimidazole (PnimH) (11) 
2,3-Diaminonaphthalene (4 mmole, 0.64 g) and picolinic acid (4 mmole, 0.49 g) 
were stirred in 50 mL of polyphosphoric acid at 190°C for 3 hours.  The reaction mixture 
was poured into boiling water made basic with potassium hydroxide and stirred for 10 
minutes, yielding a dark grey solid that was recrystallized from methanol to yield tan 
crystals, yield 60%. (FAB) 246 (M+, 77%). 1H NMR (CDCl3-d3): δ 7.27(d, naph), 
7.42(m, naph), 7.43(m, naph), 7.91(m, pyridine), 8.00(m, pyridine), 8.70(m, pyridine). 
UV (acetonitrile): 340 (17000), 289 (15900),  279 (18000), 263 (19800), 221 (19900). 




2-(2’-pyridyl)benzothiazole (Pbtz) (12) 
o-Aminothiophenol (50 mmol, 6.2 g) and pyridine-2-carboxylic acid (50 mmole, 
6.2 g) were stirred in 50 mL of polyphosphoric acid at 180°C for 3 hours.  The reaction 
mixture was poured into boiling water made basic with potassium hydroxide and stirred 
for 10 minutes.  The resulting solid was filtered off, dried and recrystallized from 
methanol. (FAB) 213 (M+, 100%).  1H NMR (DMSO-d6): δ 7.53(t, pyridine), 7.61(d, 
benzothiazole), 8.17(m, benzothiazole), 8.36(d, benzothiazole), 8.76(s, pyridine). UV 
(acetonitrile): 307 (20400), 232 (18800). 
 
2,6-bis(1-methyl-2-benzimidazolyl)pyridine (Me2Bzimpy) (13) 
N-methyl-o-phenylenediamine (64 mmole, 7.82 g) and pyridine-2, 6-dicarboxylic 
acid (32 mmol, 5.34 g) were refluxed overnight in 100 mL of a 4M solution of HCl.  The 
mixture was cooled and an aqueous solution of NaOH was added until the mixture 
wasneutral, changing from blue to a violet-brown color.  The violet-brown solid was 
collected and recrystallized from methanol-water, yield 70%. (FAB) 340 (M+, 80%). 1H 
NMR (CDCl3-d3): δ 105(s, CH3)1.48(m, pyridine), 2.17(m, cyclopentane), 7.06(d, 
pyridine), 7.52(m, pyridine), 8.09(m, pyridine) 
 
1-(2’-pyridyl)-3-methylindazole (Pmi) (14) 
o-Fluoroacetophenone (10 mmole, 1.38 g) and 2-hydrazinopyridine (10 mmole, 
1.1 g) were refluxed in ethylene glycol with an air condenser for 8 hours.  The solution 
was cooled and water was added yielding a fine brown solid, which was then 
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recrystallized from methanol, yield 60%. (FAB) 210 (M+, 100%).  1H NMR (CDCl3-d3): 
δ 3.74(s, CH3), 7.10(t, ind), 7.28(t, ind), 7.53(d, pyridine), 7.67(d, ind), 7.77(d, ind), 
7.98(d, pyridine), 8.09(t, pyridine), 8.80(t, pyridine). UV (acetonitrile): 310 (18300), 249 
(29500). 
Anal., calculated for C13H11N3: C, 74.6; H, 5.30; N, 20.1: found: C, 74.4; H, 5.27; 
N, 19.8 
 
2-(2’-pyridyl)-3-phenyl-4,5,6-tetrahydroindazole (Ppti) (15) 
2-Benzoylcyclohexane (12.75 mmole, 2.58g) and 2-hydrazinopyridine (12.75 
mmole, 1.39 g) were refluxed in 125 mL of ethanol for 24 hours.  The solvent was 
evaporated to dryness, leaving amber oil.  The oil, in a salt-ice bath, was triturated in the 
presence of ethanol to yield a tan solid, which was then recrystallized from cyclohexane, 
yield 85%. (FAB) 276 (M+, 100%).  1H NMR (CDCl3-d3): δ 1.79(m, CH2), 2.59(t, CH2), 
7.14(m, pyridine), 7.22(d, phen), 7.33(d, phen), 7.64(d, pyridine), 8.36(d, pyridine). UV 
(acetonitrile): 271 (13300).  
Anal., calculated for C18H17N3: C, 78.5; H, 6.22; N, 15.3: found: C, 78.3; H, 6.44; 
N, 15.0 
 
1-(2’-pyridyl)-3,5-dimethylpyrazole (Dmzp) (16) 
2,4-Pentanedione (100 mmole, 10g) and 2-hydrazinopyridine (100 mmole, 10.91 
g) were refluxed in 125 mL of ethanol for 24 hours.  The solvent was evaporated to 
dryness, leaving dark brown oil, yield 92%. (FAB) 174 (M+, 85%).  1H NMR (CDCl3-d3): 
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δ 2.30(m, CH3), 2.62(s, CH3), 5.99(s, pyrazole), 7.13(m, pyridine), 7.75(m, pyridine), 
7.84(d, pyridine), 8.40(m, pyridine). UV (acetonitrile): 278 (14800), 255 (17600). 
 
1-(2’-pyridyl)-3,5-diphenylpyrazole (Dpzp) (17) 
Dibenzoylmethane (25 mmole, 5.6 g) and 2-hydrazinopyridine (25 mmole, 2.75 
g) were refluxed in 125 mL of ethanol for 24 hours.  The solvent was evaporated to 
dryness, leaving brown oil. The oil, in a salt-ice bath, was triturated in the presence of 
ethanol to yield a yellow solid, yield 70%. (FAB) 298 (M+, 100%).  1H NMR (CDCl3-d3): 
δ 6.84(s, pyrazole), 7.40(m, phen), 7.55(d, phen), 7.96(d, pyridine), 8.38(d, pyridine). UV 
(acetonitrile): 327 (17000), 242 (21100). 
 
(1R)-(+)-camphor-(2’-pyridyl)pyrazole (Capp) (18) 
This ligand was prepared by a modification of a prior procedure.13 3-formyl-(1R)-
(+)-camphor (4 mmole, 0.72 g) and 2-hydrazinopyridine (4 mmole, 0.46 g) were refluxed 
in 125 mL of ethanol for 24 hours.  The solvent was evaporated to dryness, leaving amber 
oil. The oil solidified upon exposure to air and the resultant solid was recrystallized from 
ethanol, yield 85%.  (FAB) 278 (M+ +H2O, 65%), 254 (M+, 100%).  1H NMR (CDCl3-
d3): δ 105(s, CH3)1.48(m, pyridine), 2.17(m, cyclopentane), 7.06(d, pyridine), 7.52(m, 
pyridine), 8.09(m, pyridine). UV (acetonitrile): 283 (9900), 238 (9600) 
 
 
2.3 Results and Discussion 
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The pyridyl thioethers were produced by the addition of a thiol across the double 
bond of 2-vinylpyridine.  This reaction can be performed either by refluxing the reactants 





Scheme 2.1.  Synthesis of pyridyl thioether. (Pdto 1) 
 
The benzimidazoles, benzothiazoles and naphthimidazoles were formed via the 
condensation of a diamine or aminothiol and a dicarboxylic acid in acid medium. 
Polyphosphoric acid is the medium of choice because it allows the reactions to occur at 
higher temperature, which allows for shorter reaction times compared to those of Phillips 
method.15 The synthesis of these ligands in polyphosphoric acid forms a phosphoramide, 




Scheme 2.2.  Synthesis of naphthimidazole. (PnimH 11) 
 
The the indazolyl- and pyrazoyl-pyridine ligands are synthesized through the 
































the 1-(2’-pyridyl)-3-methylindazole (Pmi) ligand, which is synthesized in ethylene glycol 








Scheme 2.3.  Synthesis of indazolyl-pyridine (Pmi 14, top) and pyrazolyl-
pyridine. (Dmzp 16) 
 
We recognize the possibility of structural isomerism in the indazolyl- and 
pyrazolyl-based Pmi (14), Ppti (15) and Capp (18) ligands due to the non-symmetric 
character of their precursor β-diketones (Scheme 2.4), but X-ray crystallography of the 
resultant metal complexes of these ligands shows only the α isomer. In Chapter 3, we use 
the Pdto and Ppes ligands along with diimine ligands to observe changes in redox activity 
and to control or fine-tune emission.  By varying the diimine compostition (pyrazole vs. 
benzimidazole vs. indazole, etc.), we hope to observe both redox and structural changes 
due to differences in diimine π-back bonding character. The Pdto, Pdtn and Pdtd ligands 
are used in Chapter 5 as a means of observing changes in redox activity as both the ligand 
chains, and central chelate rings formed via the bonding of the ligands to the Ru(II) 







































































Figure 2.4. ORTEP drawing of the (1R)-(+)-camphor-(2’-pyridyl)pyrazole 
(Capp) ligand showing the atom numbering scheme and the thermal motion 
ellipsoids (50% probability level); the hydrogen atoms are omitted for clarity. 
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Table 2.1. Crystallographic data 
(1R)-(+)-camphor-(2’-pyridyl)pyrazole  (Capp)  
Empirical formula C16H19N3 
Formula weight 253.34 
Moiety formula C16H19N3 
Crystal system orthorhombic 
Crystal size (mm) 0.48 x 0.48 x 0.39  
Space group P212121 
a (Å) 6.9806(4)  
b (Å) 12.2510(7)  
c (Å) 15.7231(9)  
b (°) b = 90 
V (Å3) 1344.63(13)  
Z 4 
rcalc (Mg cm-3) 1.252 
F(000) 544 
m (mm-1) 0.076 
l (Å) 0.71073 
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Chapter 3: Ruthenium(II) complexes of tetradentate polypyridyl thioether ligands  
3.1. Introduction 
 
Ruthenium(II) polypyridyl complexes have been heavily studied for the last two 
decades with some of their earliest applications being the refinement of solar energy. 
Additionally, these complexes have been noted for their long excited state lifetimes, 
making them especially important in the development of O2 and pH sensors, 
electroluminescent cells and additives for photovoltaic cells and polymer systems.1-7 
In the last 15 years, the luminescence properties of Ru(II)-polypyridyl complexes 
have grown in importance. Many of these complexes have emission in the visible range, 
which can be fine-tuned through the use and combination of various polypyridyl ligands. 
Several hundred Ru(II)-polypyridyl complexes have been prepared and used as light 
sources for artificial photosynthesis and light-driven molecular motors experiments.8 
Metal-thioether complexes are of increasing interest due to their unique redox 
properties.  It has been shown that weak σ-donating thioether ligands are able raise 
Cu(II)/Cu(I) redox potentials to a greater extent than their strongly σ-donating imine 
analogues, such as pyridines and benzimidazoles.9-11  Similar redox potential increase is 
seen in Ru(II)-thioether complexes.12  
Here we present the synthesis of a novel dinuclear Ru(II)-polypyridyl thioether 
complex and twenty-four novel mononuclear Ru(II)-polypyridyl thioether diimine 
complexes.  The aims of this work are to observe and fine-tune both the luminescence 
and redox properties of the the mononuclear Ru(II) complexes via the use and 
combination of several of the  ligands introduced in Chapter 2.  Several of the mixed-
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ligand complexes display spontaneous resolution via conglomerate crystallization 
(racemic mixture of chiral crystals from racemic solution), which is not often seen in 
hexacoordinate Ru(II) complexes. 
 
3.2. Experimental Section 
 
3.2.1. Materials 
Reagents (Aldrich, TCI, Strem) were used as received. Acetonitrile used for 
electrochemical analysis was distilled over P4O10.  UV-Vis and luminescence spectra 
were obtained using a Perkin Elemer Lambda 35 UV-Vis spectrometer and a Perkin 
Elmer LS 55 luminescence spectrometer, respectively.  Electrochemical studies were 
performed on a Bioanalytical Systems BAS-100A electrochemical analyzer and a BAS 
RDE 2 Rotator using a three-electrode assembly consisting of a working electrode, a Pt-
mesh auxiliary electrode (3.75 cm2)  and an Ag+(0.01 M, 0.1 M NEt4ClO4, MeCN)/Ag 
reference electrode.13  The working electrode was a Pt wire for voltammetry (1 mm 
diameter, 8.4 mm length) and a Pt disc for rotating disc polarography (1.6 mm diameter). 
Proton NMR spectra were obtained at room temperature using Varian 300 MHz and 500 
MHz spectrometers.  Proton NMR samples were analyzed in CDCl3 and DMSO-d6 using 
TMS as an internal standard.  Elemental microanalyses were performed by Robertson-
Microlit Laboratories (Madison, NJ) and at the National Academy of the Sciences of the 
Ukraine.  X-ray crystallography was performed at Howard University, DC, and 
Youngstown University, OH.  ESI and FAB mass spectrometry were performed on a 
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Thermal Finnigan TSQ70 and a VG70SE mass spectrometer with a dinitrobenzyl alcohol 
matrix, respectively. 
 The 2,2’-bipyridine (Bipy) was purchased from Aldrich and 1,8-Bis(2’-pyridyl)-
3,6-dithiooctane (Pdto), 5,6-dimethyl-(2’-pyridyl)benzimidazole (DmpbH), ortho-
phenylene-bis(N-methylbenzimidazole) (Ombm), N-methyl-(2’-pyridyl)benzimidazole 
(Mpbi), 1-(2’-pyridyl)-3,5-dimethylpyrazole (Dmzp), 1-(2’-pyridyl)-3,5-
diphenylpyrazole (Dpzp),  N-methyl-(2’-quinoyl)benzimidazole (Mqbi) and 2-(2’-
pyridyl)benzothiazole (Pbtz) were prepared from literature methods.14-20 
 
3.2.2. Preparation of complexes 
 
Synthesis of dinuclear ruthenium(II) complexes 
 
The dinuclear Ru(II) complexes were synthesized by the following method: 1 
mmole of RuCl3 . xH2O and 1 mmole of either Pdto or Ppes were refluxed in 50 mL of a 
80:20 solution of ethanol/water for 48 hours.  The resultant solution was filtered and 
concentrated to approximately 10 mL.  An aqueous solution of NaClO4 was added, 
yielding an olive green precipitate in both cases. The [Ru(Pdto)(µ-Cl)]2(ClO4)2  complex 
has already been reported.10   
 
[Ru2(Ppes)2(µ-Cl)2](ClO4)2 . EtOH (1) 
Olive green solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from ethanol to yield yellow crystals, yield: 50%; ms: (FAB) 489 ([M-
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2ClO4]2+, 70%), 1078 ([M-ClO4]+, 15%). 1H NMR (DMSO-d6): δ 3.21(m, CH2), 7.51(m, 
benzene), 7.95(m, pyridine), 9.11(d, pyridine) 
Anal., calculated for C40H40N4Cl2S4Ru2(ClO4)2 . EtOH: C, 41.3; H, 3.79; N, 4.58: 
found: C, 41.2; H, 3.38; N, 4.52 
 
Synthesis of mononuclear ruthenium(II) complexes 
 
The mononuclear Ru(II) complexes were synthesized by the following method:  1 
mmole of a dinuclear Ru(II) complex, 2 mmole of a bidentate ligand and 2 mmole of 
AgNO3 were refluxed in methanol for 48 hours.  The mixture was cooled and the 
precipitated AgCl was filtered off.  The filtrate was concentrated to a volume of approx. 
10 mL.  An aqueous solution of NaClO4 was added, precipitating the crude complex.  
The [Ru(Ppes)(Capp)](ClO4)2 complex was attempted several times but could not be 
synthesized. 
  
[Ru(Pdto)(Ppbi)](ClO4)2  .  2H2O (2) 
 Brown solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from wet ethanol to yield red crystals, yield: 89%;  ms: (FAB) 339 ([M-
2ClO4]2+ , 100%), 776 ([M-ClO4]+, 4%). 1H NMR (DMSO-d6): δ 2.36(m, CH2), 2.51(m, 
CH2), 3.21(m, CH2), 7.14(t, pyridine), 7.17(m, benzim), 7.23(m, benzim), 7.67(m, 
pyridine), 8.49(d, pyridine),  8.58(d, benzim), 8.69(d, pyridine) 
Anal., calculated for C34H33N5RuS2(ClO4)2 . 2H2O: C, 44.4; H, 4.16; N, 7.61: 
found: C, 44.2; H, 4.37; N, 7.57 
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[Ru(Pdto)(Ppti)](ClO4)2 . 1.5MeOH (3) 
Yellow solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield yellow crystals, yield: 86%; ms: (FAB) 341 ([M-
2ClO4]2+, 100%), 780 ([M-ClO4]+, 22%). 1H NMR (DMSO-d6): δ 1.62(m, CH2), 2.66(d, 
CH2), 2.71(d, CH2), 3.30(d, CH2), 7.51(m, phen), 7.53(m, phen), 7.60(m, pyridine), 
7.69(m, pyridine), 7.90(m, pyridine), 8.14(d, pyridine),  8.45(d, benzim) 
Anal., calculated for C34H39N5RuS2(ClO4)2 . 1.5MeOH: C, 46.0; H, 4.67; N, 7.55: 
found: C, 45.7; H, 4.37; N, 7.40 
 
[Ru(Pdto)(Dpzp)](ClO4)2 . 2.5H2O (4) 
Yellow solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield yellow crystals, yield: 69%; ms: (FAB) 352 ([M-
2ClO4]2+, 100%), 802 ([M-ClO4]+, 3%). 1H NMR (DMSO-d6): δ 2.53(s, CH2), 3.32(t, 
CH2), 7.15(d, phen), 7.21(t, pyridine), 7.45(m, phenyl), 7.60(m, pyridine), 7.70(m, 
pyridine), 8.14(m, phen) 
Anal., calculated for C36H35N5RuS2(ClO4)2 . 2.5H2O: C, 45.7; H, 4.26; N, 7.40: 
found: C, 45.6; H, 3.62; N, 7.22 
 
[Ru(Pdto)(Dmzp)](ClO4)2 . H2O  (5) 
Green solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield green crystals, yield: 44%; ms: (FAB) 289 ([M-
2ClO4]2+, 100%) 678 ([M-ClO4]+, 5%). 1H NMR (DMSO-d6): δ 2.50(s, CH3), 2.76(s, 
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CH3), 2.86(m, CH2), 3.31(m, CH2), 6.80(s, pyrazole), 7.19(m, pyridine), 7.37(d, 
pyridine), 7.60(m, pyridine), 7.68(m, pyridine)  
Anal., calculated for C26H31N5RuS2(ClO4)2 . H2O: C, 38.8; H, 4.26; N, 8.70: 
found: C, 39.0; H, 3.73; N, 8.76 
 
[Ru(Pdto)(Pmi)](ClO4)2 . MeOH (6) 
Yellow solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield yellow crystals, yield: 70%; ms: (FAB) 308 ([M-
2ClO4]2+, 100%), 714 ([M-ClO4]+, 8%). 1H NMR (DMSO-d6): δ 2.50(t, CH2), 3.15(m, 
CH2), 7.15(t, pyridine), 7.37(m, indazole), 7.72(m, pyridine), 8.41(m, pyridine)  
Anal., calculated for C29H31N5RuS2(ClO4)2 . MeOH: C, 42.6; H, 4.17; N, 8.28: 
found: C, 42.5; H, 3.89; N, 8.14 
 
[Ru(Pdto)(Mpbi)](ClO4)2  (7) 
Red solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield red crystals, yield: 49%; ms: (FAB) 308 ([M-
2ClO4]2+, 100%), 714 ([M-ClO4]+, 20%). 1H NMR (DMSO-d6): δ 2.50(s, CH2), 3.15(s, 
CH2), 3.85(d, CH3), 7.29(m, pyridine), 7.68(m, benzimidazole), 8.79(t, pyridine) 
Anal., calculated for C29H31N5RuS2(ClO4)2: C, 42.8; H, 3.84; N, 8.61: found: C, 
42.9; H, 3.63; N, 8.61 
 
[Ru(Pdto)(DmpbH)](ClO4)2  (8) 
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Yellow solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield orange crystals, yield: 60%; ms: (FAB) 315 ([M-
2ClO4]2+, 95%), 628 ([M-2ClO4]+, 100%). 1H NMR (DMSO-d6): δ 2.57(m, CH2), 
3.45(m, CH2), 6.98(m, pyridine), 7.20(m, benzimidazole), 7.66(m, pyridine), 7.91(m, 
pyridine), 8.30(m, pyridine), 8.62(m, pyridine) 
Anal., calculated for C30H33N5RuS2(ClO4)2: C, 43.5; H, 4.02; N, 8.46: found: C, 
43.5; H, 3.89; N, 8.34 
 
[Ru(Pdto)(Ombm)](ClO4)2 . MeOH (9) 
Yellow solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield yellow crystals, yield: 40%; ms: (FAB) 372 ([M-
2ClO4]2+, 100%), 843 ([M-ClO4]+), 11%). 1H NMR (DMSO-d6): δ 2.81(m, CH2), 3.62(m, 
CH2), 3.90(m, CH3), 7.32(m, benzene), 7.46(m, pyridine), 8.26(d, pyridine) 
Anal., calculated for C38H38N6RuS2(ClO4)2 . MeOH: C, 48.1; H, 4.34; N, 8.66: 
found: C, 48.0; H, 4.06; N, 8.62 
 
[Ru(Pdto)(Mqbi)](ClO4)2  (10) 
Red solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield dark red crystals, yield: 40%; ms: (FAB) 333 ([M-
2ClO4]2+, 100%), 764 ([M-ClO4]+,11%). 1H NMR (DMSO-d6): δ 2.50(d, CH2), 2.90(m, 
CH2), 3.31(m, CH2), 4.44(s, CH3), 7.36(m, pyridine), 8.02(m, 2-quin), 8.36(m, pyridine), 
8.65(m, pyridine) 
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Anal., calculated for C33H34N5RuS2(ClO4)2: C, 45.8; H, 3.96; N, 8.10: found: C, 
46.2; H, 4.08; N, 7.77 
 
[Ru(Pdto)(Pbtz)](ClO4)2  (11) 
Red solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield red crystals, yield: 35%; ms: (FAB) 326 ([M-
2ClO4]2+, 100%), 650 ((M-2ClO4+H), 10%). 1H NMR (DMSO-d6): δ 2.54(d, CH2), 
3.22(m, CH2), 7.24(t, pyridine), 7.36(d, pyridine), 7.70(m, pyridine), 7.91(t, pyridine), 
8.12(m, benzothiazole), 8.33(d, pyridine), 8.58(d, pyridine) 
Anal., calculated for C28H28N4RuS3(ClO4)2 : C, 41.2; H, 3.46; N, 6.86: found: C, 
41.3; H, 3.37; N, 6.78 
 
[Ru(Pdto)(PnimH)](ClO4)2  (12) 
Orange solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield orange crystals, yield: 35%; ms: (FAB) 326 ([M-
2ClO4]2+, 100%), 650 ([M-2ClO4]+, 10%). 1H NMR (DMSO-d6): δ 2.51(m, CH2), 
3.37(m, CH2), 7.15(d, pyridine), 7.38(d, pyridine), 7.61(s, naphthalene), 7.70(s, 
naphthalene), 8.43(d, pyridine), 8.66(d, pyridine) 
Anal., calculated for C36H31N5RuS2(ClO4)2 : C, 45.2; H, 3.68; N, 8.24: found: C, 
45.5; H, 3.57; N, 8.20 
 
[Ru(Pdto)(Capp)](ClO4)2  (13) 
38 
Orange solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield yellow crystals, yield: 65%; ms: (FAB) 756 ([M-
ClO4]+, 40%). 1H NMR (DMSO-d6): δ 1.16(s, CH3), 1.48(s, CH3), 1.52(m, CH2), 3.09(m, 
CH2), 3.34(m, CH2), 7.31(m, pyrazole), 7.78(m, pyridine), 8.25(m, pyridine) 
Anal., calculated for C32H39N5RuS2(ClO4)2: C, 44.8; H, 4.58; N, 8.16: found: C, 
44.8; H, 4.63; N, 8.09 
 
[Ru(Ppes)(Ppbi)](ClO4)2 . 0.5MeOH . 0.5H2O (14) 
Orange solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield orange crystals, yield: 43%;  ms: (FAB) 363 ([M-
2ClO4]2+, 100%), 824 ([M-ClO4]+, 7%). 1H NMR (DMSO-d6): δ 3.10(m, CH2), 
3.24(broad, CH2), 6.91(m, benzene), 7.05(m, phen), 7.14(m, pyridine), 7.32(m, pyridine), 
7.38(m, phen), 8.06(m, benzimidazole), 8.24(m, pyridine),  8.56(m, benzene) 
Anal., calculated for C38H33N5RuS2(ClO4)2 . 0.5MeOH . 0.5H2O: C, 48.7; H, 3.82; 
N, 7.38: found: C, 48.9; H, 3.44; N, 7.44 
 
[Ru(Ppes)(Ppti)](ClO4)2  . 0.5H2O (15) 
Yellow solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield yellow crystals, yield: 60%; ms: (FAB) 365 ([M-
2ClO4]2+, 100%), 828 ([M-ClO4]+, 16%). 1H NMR (DMSO-d6): δ 2.80(d, CH2), 7.21(d, 
pyridine), 7.6(t, pyridine), 7.90(m, phen), 7.93(m, phen), 8.17(broad, pyridine), 
8.36(broad, pyridine), 8.60(broad, pyridine) 
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Anal., calculated for C38H38N5RuS2(ClO4)2 . 0.5H2O: C, 48.7; H, 4.19; N, 7.47: 
found: C, 49.0; H, 3.94; N, 7.47 
 
[Ru(Ppes)(Dpzp)](ClO4)2 . H2O (16) 
Yellow solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield yellow crystals, yield: 80%; ms: (FAB) 376 ([M-
2ClO4]2+, 100%), 850 ([M-ClO4]+, 9%). 1H NMR (DMSO-d6): δ 3.30(d, CH2), 7.17(m, 
pyrazole), 7.35(m, pyridine), 7.36(m, pyridine), 7.53(t, pyridine), 7.61(m, pyridine), 
7.89(m, pyridine), 7.97(m, phen), 8.17(d, pyridine) 
Anal., calculated for C40H35N5RuS2(ClO4)2 . H2O: C, 49.6; H, 3.85; N, 7.24: 
found: C, 49.8; H, 3.40; N, 7.11 
 
[Ru(Ppes)(Dmzp)](ClO4)2  (17) 
Orange solid precipitated.  Washed with cold water and dried in vacuo. 
Recystalized from methanol to yield orange crystals, yield:41%;  ms: (FAB) 314 ([M-
2ClO4]2+, 100%) 726 ([M-ClO4]+, 10%). 1H NMR (DMSO-d6): δ 2.79(s, CH3), 2.91(m, 
CH2), 3.31(m, CH2), 6.85(s, pyrazole), 7.33(m, pyridine), 7.60(m, pyridine), 7.73(m, 
pyridine) 
Anal., calculated for C30H31N5RuS2(ClO4)2: C, 43.6; H, 3.78; N, 8.48: found: C, 
43.6; H, 3.55; N, 8.42 
 
[Ru(Ppes)(Mpbi)](ClO4)2  (18) 
40 
Orange solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield orange crystals, yield: 65%; ms: (FAB) 332 ([M-
2ClO4]2+, 100%), 762 ([M-ClO4]+, 13%). 1H NMR (DMSO-d6): δ 2.88(m, CH2), 3.20(m, 
CH2), 3.39(s, CH3), 6.80(d, benzene), 7.07(m, benzene), 7.70(m, pyridine), 8.79(t, 
pyridine) 
Anal., calculated for C33H32N5RuS2(ClO4)2: C, 45.9; H, 3.74; N, 8.14: found: C, 
46.0; H, 3.43; N, 7.93 
 
[Ru(Ppes)(DmpbH)](ClO4)2 .  EtOH . 2H2O (19) 
Yellow solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from we ethanol to yield orange crystals, yield: 81%; ms: (FAB) 339 ([M-
2ClO4]2+, 100%), 676 ((M-2ClO4+H), 7%), 776 ([M-ClO4]+, 6%). 1H NMR (DMSO-d6): 
δ 2.47(s, CH3), 3.30(m, CH2), 6.87(t, benzimidazole), 7.09(d, benzimidazole), 7.26(t, 
pyridine), 8.11(d, pyridine) 
Anal., calculated for C34H33N5RuS2(ClO4)2 .  EtOH . 2H2O: C, 44.5; H, 4.38; N, 
7.42: found: C, 44.4; H, 4.67; N, 7.44 
 
[Ru(Ppes)(Ombm)](ClO4)2 . 0.5EtOH . 2.5H2O (20) 
Orange solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from wet ethanol to yield orange crystals, yield: 35%; ms: (FAB) 339 
(Ombm +H, 66%), 396 ([M-2ClO4]2+, 100%), 891 ([M-ClO4]+, 35%). 1H NMR (DMSO-
d6): δ 3.48(broad, CH3), 6.73(m, benzene), 7.14(m, pyridine), 7.40(m, pyridine), 7.88(m, 
pyridine), 8.30(m, pyridine) 
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Anal., calculated for C42H38N6RuS2(ClO4)2 . 0.5EtOH . 2.5H2O: C, 48.8; H, 4.38; 
N, 7.94: found: C, 48.8; H, 4.56; N, 8.11 
 
[Ru(Ppes)(Mqbi)](ClO4)2  (21) 
Red solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield dark red crystals, yield: 26%; ms: (FAB) 260 
(Mqbi, 23%), 357 ([M-2ClO4]2+, 100%), 812 ([M-ClO4]+, 5%). 1H NMR (DMSO-d6): δ 
2.51(t, CH2), 3.31(m, CH2), 4.49(m, CH3), 6.75(d, benzimidazole), 7.16(d, pyridine), 
7.50(m, 2-quin), 8.06(m, benzimidazole) 
Anal., calculated for C37H34N5RuS2(ClO4)2: C, 48.7; H, 3.75; N, 7.67: found: C, 
48.3; H, 3.54; N, 7.64 
 
[Ru(Ppes)(Bipy)](ClO4)2  (22) 
Orange solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield yellow crystals, yield: 91%; ms: (FAB) 305 ([M-
2ClO4]2+, 100%),709 ([M-ClO4]+, 18%). 1H NMR (DMSO-d6): δ 3.35(m, CH2), 7.04(t, 
benzene), 7.29(d, pyridine), 7.63(m, pyridine), 7.88(t, pyridine), 8.40(d, pyridine), 8.83(d, 
pyridine), 9.56(d, pyridine) 
Anal., calculated for C30H28N4RuS2(ClO4)2: C, 44.6; H, 3.49; N, 6.93: found: C, 
44.6; H, 3.49; N, 6.70 
 
[Ru(Ppes)(Pmi)](ClO4)2 . 0.5MeOH (23) 
42 
Yellow solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield yellow crystals, yield: 79%;  ms: (FAB) 332 ([M-
2ClO4]2+, 100%), 762 ([M-ClO4]+, %). 1H NMR (DMSO-d6): δ 2.93(s, CH3), 3.31(m, 
CH2), 6.96(t, indazole), 7.10(t, indazole), 7.39(d, pyridine), 7.68(m, pyridine), 7.90(m, 
indazole), 8.49(t, pyridine) 
Anal., calculated for C33H31N5RuS2(ClO4)2 . 0.5MeOH: C, 46.0; H, 3.63; N, 8.13: 
found: C, 45.8; H, 3.79; N, 7.98 
 
[Ru(Ppes)(Pbtz)](ClO4)2  (24) 
Red solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield red crystals, yield: 73%; ms: (FAB) 666 ([M-
2ClO4]2+, 100%), 767 ([M-ClO4]+, 65%). 1H NMR (DMSO-d6): δ 3.35(m, CH2), 6.85(s, 
benzene), 7.11(d, pyridine), 7.42(d, pyridine), 8.14(d, benzothiazole), 8.44(d, pyridine), 
8.65(d, pyridine) 
Anal., calculated for C32H28N5RuS2(ClO4)2 : C, 44.5; H, 3.26; N, 6.48: found: C, 
44.3; H, 3.13; N, 6.41 
 
[Ru(Ppes)(PnimH)](ClO4)2 . 0.5MeOH (25) 
Orange solid precipitated.  Washed with cold water and dried in vacuo. 
Recrystallized from methanol to yield orange crystals, yield: 25%;  ms: (FAB) 698 ([M-
2ClO4]2+, 100%), 1H NMR (DMSO-d6): δ 3.08(m, CH2), 3.37(m, CH2), 6.84(m, 
benzene), 7.10(d, pyridine), 7.20(d, pyridine), 7.65(m, naphthalene), 8.35(m, pyridine) 
43 
Anal., calculated for C36H31N5RuS2(ClO4)2 . 0.5MeOH: C, 48.2; H, 3.48; N, 7.80: 
found: C, 48.0; H, 3.64; N, 7.66 
 
3.3 Results and Discussion 
 
 The dinuclear Ru(II) complexes were used without purification for the synthesis 
of the mononuclear complexes.  Upon reaction with one of the diimine bidentate ligands, 
facile symmetrical bridge cleavage occurs, giving the general structure [Ru(L1)L2]2+, 
where L1 is one of the two tetradentate thioether ligands and L2 is one the diimine 
bidentates.  For every mole of Cl present, a mole of AgNO3 was added to the reaction 
mixture prior to refluxing to guard against any metal-chloride coordination in the 
production of the mononuclear complexes.  AgCl precipitates and is separated from the 
complex solution through gravity filtration.  The addition of a saturated aqueous solution 
of NaClO4 causes the immediate precipitation of [Ru(L1)L2](ClO4)2.  The complexes 
were then purified via physical adsorption by activated charcoal and are recrystallized 
from methanol.  For the complexes that could not be recrystallized, the purified complex 
solution was added drop-wise to cold diethyl ether to precipitate the complex. 
 
3.3.1 X-Ray Data Collection 
 
Single-crystal XRD data of the [Ru2(Ppes)2(µ-Cl)2](ClO4)2, 
[Ru(Pdto)(Ppti)](ClO4)2, [Ru(Pdto)(Dpzp)](ClO4)2, [Ru(Ppes)(Dpzp)](ClO4)2, 
[Ru(Pdto)(Pmi)](ClO4)2, [Ru(Pdto)(Capp)](ClO4)2, [Ru(Pdto)(Ppbi)](ClO4)2 and 
44 
[Ru(Pdto)(DmpbH)](ClO4)2 complexes were collected on a Bruker AXS SMART APEX 
CCD diffractometer at 100(2) K using monochromatic Mo Kα radiation with the omega 
scan technique. The unit cells were determined using SAINT+21, and the data were 
corrected for absorption using SADABS in SAINT+. The structures were solved by 
direct methods and refined by full-matrix least squares against F2 with all reflections 
using SHELXTL.22 Refinement of extinction coefficients was found to be insignificant. 
All non-H atoms were refined anisotropically.  All ORTEPs  were produced with 




3.3.2 Description of Structures 
 
 ORTEP views of the [Ru2(Ppes)2(µ-Cl)2](ClO4)2, [Ru(Pdto)(Ppti)](ClO4)2, 
[Ru(Pdto)(Dpzp)](ClO4)2, [Ru(Ppes)(Dpzp)](ClO4)2, [Ru(Pdto)(Pmi)](ClO4)2, 
[Ru(Ppeso)(Pmi)](ClO4)2, [Ru(Pdto)(Ppbi)](ClO4)2, [Ru(Pdto)(DmpbH)](ClO4)2, and 
[Ru(Pdto)(Capp)](ClO4)2 complexes are shown in Figures 3.1 to 3.9 with atom 
numbering scheme.  Crystallographic data are shown in Table 3.10a.  Selected bond 
lengths and angles are shown in Tables 3.1 to 3.9.  Table 3.10b gives a comparative 
listing of the Ru-based bonds of the complexes in this study. 
 
Structure of [Ru2(Ppes)2(µ-Cl)2](ClO4)2  . 2/3 EtOH 
45 
The crystal chemical unit cell of the [Ru2(Ppes)2(µ-Cl)2](ClO4)2  . 2/3 EtOH complex 
displays two chemically equivalent, but symmetry inequivalent, [Ru2(Ppes)2(µ-Cl)2]2+ 
dications (Figure 3.1). The ORTEP views for the individual dications are given in 
Figures 3.1a and 3.1b and selected bond lengths and angles are given in Tables 3.1a and 
3.1b.  The yellow [Ru2(Ppes)2(µ-Cl)2](ClO4)2 complex consists of two pseudo-octahedral 
Ru(II) nuclei bridged by two chlorides.  Each Ru(II) nucleus is also bound to the two 
pyridine nitrogens and two thioether sulfurs of the tetradentate Ppes ligand yielding an 
N2S2 configuration.  Each chloride is roughly equidistant from both metal nuclei (bond 
lengths (Figure 3.1a): Cl(1)-Ru(2): 2.4559Å, Cl(1)-Ru(1): 2.4610Å, Cl(2)-Ru(1): 
2.4774Å, Cl(2)-Ru(2): 2.4811Å, (Figure 3.1b): Cl(3A)-Ru(3A): 2.4701 Å, Cl(3B)- 
Ru(3B): 2.4701 Å, Cl(3A)-Ru(3B): 2.4592 Å, Cl(3B)-Ru(3A): 2.4592 Å),  and both of 
the Ru-Cl-Ru bond angles (3.1a: 101.14°, 99.98°, 3.1b: 100.65°, 100.65°) are nearly  
equivalent.  Both the  Ru-Cl bond lengths and the Ru-Cl-Ru bond angles are consistent 



















Figure 3.1. Capped stick view of the [Ru2(Ppes)2(µ-Cl)2]2+ crystal chemical unit and 
three perchlorate anions.  The different colors of the [Ru2(Ppes)2(µ-Cl)2]2+  dications 
(green and blue) and of the perchlorate anions (magenta, cyan and yellow) denote 

































Figure 3.1a. ORTEP drawing of the first [Ru2(Ppes)2(µ-Cl)2]2+ cation showing  
the atom numbering scheme and the thermal motion ellipsoids (50% 








Table 3.1a. Selected bond lengths (Å) and angles (°) for [Ru2(Ppes)2(µ-Cl)2](ClO4)2 . 2/3 
EtOH (Figure 3.1a). The value in parentheses represents the standard deviation in the 
last significant figure. 
 
Bond Lengths: 
Ru(1)-S(2)  2.2595(16)   Cl(2)-Ru(1)   2.4774(14) 
Ru(1)-S(1)  2.2778(15)   Cl(2)-Ru(2)  2.4811(14)  
Ru(2)-S(4)  2.2630(15)     
Ru(2)-S(3)  2.2663(15)   N(1)-Ru(1)  2.116(5)  
    N(2)-Ru(1)  2.119(5)  
Cl(1)-Ru(2)  2.4559(15)   N(3)-Ru(2)  2.113(5)  
Cl(1)-Ru(1)  2.4610(14)   N(4)-Ru(2)  2.112(5)  
       
Bond Angles: 
Ru(2)-Cl(1)-Ru(1) 101.14(5)   S(4)-Ru(2)-S(3)  87.45(5) 
Ru(1)-Cl(2)-Ru(2) 99.98(5)   S(4)-Ru(2)-Cl(1) 172.70(5)  
    S(3)-Ru(2)-Cl(1) 98.90(5)  
N(4)-Ru(2)-N(3) 178.6(2)   S(4)-Ru(2)-Cl(2) 94.45(5)  
N(4)-Ru(2)-S(4) 93.06(14)   S(3)-Ru(2)-Cl(2) 175.96(5)  
N(3)-Ru(2)-S(4)  88.30(14)  S(2)-Ru(1)-S(1) 87.12(6)  
N(4)-Ru(2)-S(3) 89.08(14)   S(2)-Ru(1)-Cl(1) 92.79(5)  
N(3)-Ru(2)-S(3)  90.89(14)  S(1)-Ru(1)-Cl(1)  175.63(5) 
    S(2)-Ru(1)-Cl(2) 170.37(5)  
N(1)-Ru(1)-N(2) 177.7(2)   S(1)-Ru(1)-Cl(2) 101.08(5)  
N(1)-Ru(1)-S(2) 88.38(13)      
N(2)-Ru(1)-S(2) 93.68(14)   Cl(1)-Ru(2)-Cl(2) 79.45(5)  
N(1)-Ru(1)-S(1)  92.05(14)  Cl(1)-Ru(1)-Cl(2) 79.42(5)  
N(2)-Ru(1)-S(1) 87.01(14)      
    N(1)-Ru(1)-Cl(1) 92.31(14)  
N(4)-Ru(2)-Cl(1) 90.66(14)   N(2)-Ru(1)-Cl(1) 88.64(14)  
N(3)-Ru(2)-Cl(1) 88.01(14)   N(1)-Ru(1)-Cl(2) 86.29(13)  
N(4)-Ru(2)-Cl(2) 87.26(13)   N(2)-Ru(1)-Cl(2) 91.81(14)  



































Figure 3.1b. ORTEP drawing of the second [Ru2(Ppes)2(µ-Cl)2]2+ cation showing  
the atom numbering scheme and the thermal motion ellipsoids (50% 
probability level); the hydrogen atoms are omitted for clarity.  
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Table 3.1b. Selected bond lengths (Å) and angles (°) for [Ru2(Ppes)2(µ-Cl)2](ClO4)2 . 2/3 
EtOH (Figure 3.1b). The value in parentheses represents the standard deviation in the 
last significant figure. 
 
Bond Lengths: 
Ru(3A)-S(6A)  2.2631(16)  Cl(3B)-Ru(3A)   2.4592(15) 
Ru(3A)-S(5A)  2.2718(16)  Cl(3B)-Ru(3B)  2.4701(15) 
Ru(3B)-S(6B)  2.2631(16)     
Ru(3B)-S(5B)  2.2718(16)  N(5A)-Ru(3A)  2.103(5) 
    N(6A)-Ru(3A)  2.079(8) 
Cl(3A)-Ru(3B)  2.4592(15)  N(5B)-Ru(3B)  2.103(5) 
Cl(3A)-Ru(3A)  2.4701(15)  N(6B)-Ru(3B)  2.079(8) 
       
Bond Angles: 
Ru(3B)-Cl(3A)-Ru(3A) 100.65(5)  S(6B)-Ru(3B)-S(5B)  87.51(6) 
Ru(3A)-Cl(3B)-Ru(3B) 100.65(5)  S(6B)-Ru(3B)-Cl(3A) 173.30(6) 
    S(5B)-Ru(3B)-Cl(3A) 97.94(5) 
N(6B)-Ru(3B)-N(5B) 177.4(5)  S(6B)-Ru(3B)-Cl(3B) 95.57(5) 
N(6B)-Ru(3B)-S(6B) 93.0(6)  S(5B)-Ru(3B)-Cl(3B) 174.36(6) 
N(5B)-Ru(3B)-S(6B)  89.43(15)  S(6A)-Ru(3A)-S(5A) 87.51(6) 
N(6B)-Ru(3B)-S(5B) 86.5(6)  S(6A)-Ru(3A)-Cl(3A) 95.57(5) 
N(5B)-Ru(3B)-S(5B)  92.80(17)  S(5A)-Ru(3A)-Cl(3A)  174.36(6) 
    S(6A)-Ru(3A)-Cl(3B) 173.30(6) 
N(5A)-Ru(3A)-N(6A) 177.4(5)  S(5A)-Ru(3A)-Cl(3B) 97.94(5) 
N(5A)-Ru(3A)-S(6A) 89.43(15)     
N(6A)-Ru(3A)-S(6A) 93.0(6)  Cl(3A)-Ru(3B)-Cl(3B) 79.33(5) 
N(5A)-Ru(3A)-S(5A)  92.80(17)  Cl(3A)-Ru(3A)-Cl(3B) 79.33(5) 
N(6A)-Ru(3A)-S(5A) 86.5(6)     
    N(5A)-Ru(3A)-Cl(3A) 91.96(17) 
N(6B)-Ru(3B)-Cl(3A) 91.2(6)  N(6A)-Ru(3A)-Cl(3A) 88.6(6) 
N(5B)-Ru(3B)-Cl(3A) 86.42(14)  N(5A)-Ru(3A)-Cl(3B) 86.42(14) 
N(6B)-Ru(3B)-Cl(3B) 88.6(6)  N(6A)-Ru(3A)-Cl(3B) 91.2(6) 
N(5B)-Ru(3B)-Cl(3B) 91.96(17)     
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The Ru-N bond lengths (3.1a: 2.116Å, 2.119Å, 2.113Å , 2.112Å, 3.1b: 2.103Å, 
2.103Å, 2.079Å , 2.079Å) fall in the same range as those seen in other ruthenium-
pyridine complexes,24,25 as do the Ru-S bonds (3.1a: 2.2595Å, 2.2778Å, 2.2630Å, 
2.2663Å, 3.1b: 2.2631Å, 2.2631Å, 2.2718Å, 2.2718Å) with those of other ruthenium-
thioether complexes.25,26  Scheme 3.1 shows the four possible geometric isomers that can 
be obtained for the mononuclear complexes.  The “cis” term refers to the positions of the 
bridging chlorides atoms, which remain cis to each other at all times and the “α” and β” 
terms refer to the positions of the thioether pyridines, with the “α” systems have the 
pyridines trans to each other and the “β” systems having the pyridines bound cis. The ∆ 
and Λ terms refer to right-handed (clockwise rotation) and left-handed (counter-
clockwise rotation) enantiomeric pairs, respectively.  The ∆∆, ΛΛ and ∆Λ terms refer to 
the possible stereoisomers of the two halves of the dinuclear complex, with ∆∆ and 
ΛΛ referring to a homochiral (enantiopure) system in which the two halves have the same 
chirality, and ∆Λ referring to a heterochiral system in which the two halves of the 
complex are enantiomers.  The both dinuclear molecules takes on the cis-α 
[(rac) ∆∆/ΛΛ] configuration as described by Palaniandavar et al.10 (Scheme 3.1), in 
which the thioether sulfurs of one of the Ru(II) halves are bound to Ru(II) trans to the 
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dinuclear complex are diastereomeric giving the complex D2 symmetry only, as opposed 
to the cis-α [(meso) ∆Λ] in which the two halves of the dimer are mirror images allowing 
for both D2 symmetry and a two-fold axis of rotation.  The pyridines have a torsion angle 
of 120° relative to the plane that the Ru-Cl bonds lie in and 0.61° and 3.83° relative to 
the pyridines directly across from it, bound to the opposing Ru nucleus. The complex 
hasa Ppes-Ppes interplanar angle of 13.56°. 
 
Structures of mononuclear complexes 
  
All of the mononuclear complexes consist of octahedral Ru(II) bound to the two 
pyridine nitrogens and two thioether sulfurs of either the Pdto or Ppes ligand and two 
nitrogens from a bidentate ligand, yielding an N4S2 configuration.  Scheme 3.2 shows 
two of three geometric isomers proposed by Bosnich et al.27 that can be obtained for a 
mononuclear complex with a tetradentate ligand and a bidentate ligand, doubled to four 
to display tetradentate helicity relative to a static bidentate ligand. The isomers have been 
designated in the manner described below. The “cis” term refers to the positions of the 
donor atoms of the bidentate ligand, in our case, the diimine, which remain cis to each 
other at all times. The “α” and β” terms refer to the positions of the thioether pyridines, 
with the “α” systems having the thioether pyridines trans to each other and the “β” 
systems having the pyridines bound cis, and the “1” and “2” terms, as in cis a1 or cis a2, 
refer to the helicity of the tetradentate ligand relative to the diimine, with “1” referring to 
right-hand twist and “2” referring to a left-hand twist. According to Bosnich et al.27, for 







Scheme 3.2. Four possible geometric isomers for mononuclear complexes. The starred 
atom and the arrow show the origin and direction of the helicity of the tetradedenate 




staggered configuration and the atoms of the ligand retain their normal molecular 
geometries, the cis α configuration will be under considerably less strain than the cis 
β conformation and will be the more stable of the two geometric isomers.  X-ray 
crystallography has shown that we were able to isolate only the cis-α1 or cis-α2 isomeric 
configuration.  The Ru-N(tetradentate pyridine) and Ru-S bond lengths of the 
mononuclear complexes are slightly longer than those of the [Ru2(Ppes)2(µ-Cl)2](ClO4)2 
dimer.  The bridging σ-donating chlorides of the dimer do not compete with the pyridine 
nitrogens to undergo π-back bonding with the metal nuclei.28  This allows the Ru-
N(tetradentate pyridine) bond of the dimer to be shorter and stronger than those of the 
mononuclear systems, in which the bidentate diimine ligand is also competing to undergo 
π-back bonding. 
 
Structure of [Ru(Pdto)(Dpzp)](ClO4)2 . MeOH 
 
An ORTEP diagram is shown in Figure 3.2, while selected bond lengths and 
angles are shown in Table 3.2.  The complex consists of a molecular [Ru(Pdto)(Dpzp)]2+ 
dication, two perchlorate anions and a single methanol. The X-ray structure shows 
pseudo-octahedral N4S2 coordination with Ru(II) bound to two sulfurs, three pyridine 
nitrogen atoms and one pyrazole nitrogen atom. The Ru-N(Dpzp-pyrazole) bond length 
(2.1030Å) is similar to that of other Ru-pyrazole complexes 29 and the Ru-N(Pdto-
pyridine) bond lengths (2.1321Å, 2.1337Å) and N(Pdto-pyridine)-Ru-S bond angles 
(92.15°, 85.68°, 96.27°, 89.68°) are similar to those seen in other Ru(II)-Pdto 



































Figure 3.2. ORTEP drawing of the [Ru(Pdto)(Dpzp)]2+ cation  
showing the atom numbering scheme and the thermal motion ellipsoids  
(50% probability level); the hydrogen atoms are omitted for clarity.  
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Table 3.2. Selected bond lengths (Å) and angles (°) for [Ru(Pdto)(Dpzp)](ClO4)2 . MeOH. 
The value in parentheses represents the standard deviation in the last significant figure. 
 
Bond Lengths: 
Ru(1)-S(2)            2.3473(4)  N(3)-Ru(1)            2.1030(14)  
Ru(1)-S(1)            2.3161(4)   N(4)-Ru(1)            2.1321(15)  
N(1)-Ru(1)            2.0710(16)  N(5)-Ru(1)            2.1337(15)  
     
 
Bond Angles: 
N(1)-Ru(1)-N(3)            75.97(6)   N(4)-Ru(1)-S(1)            92.15(4)  
N(1)-Ru(1)-N(4)            87.43(6)   N(5)-Ru(1)-S(1)            85.68(4)  
N(3)-Ru(1)-N(4)            92.16(6)   N(1)-Ru(1)-S(2)           175.28(5)  
N(1)-Ru(1)-N(5)            86.76(6)   N(3)-Ru(1)-S(2)           100.92(4)  
N(3)-Ru(1)-N(5)            89.30(6)   N(4)-Ru(1)-S(2)            96.27(4)  
N(4)-Ru(1)-N(5)           173.49(6)   N(5)-Ru(1)-S(2)            89.68(4)  
N(1)-Ru(1)-S(1)            97.52(4)   S(1)-Ru(1)-S(2)            85.284(15)  
N(3)-Ru(1)-S(1)           172.01(4)     
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angles difference of 88.43°. The two Ru-S bonds are of different lengths (2.3473Å, 
2.3161Å), which may be due to torsional strain placed on the S-Ru-Ru-S system by the 
cis α2 configuration, but this same disparity occurs in the cis α1 systems as well, which 
points to some aspect of the asymmetric bidentate ligand being the cause for this.  Neither 
the [Ru2(Ppes)2(µ-Cl)2](ClO4)2 dimer nor the [Ru(Bbdo)(Bipy)](ClO4)210 complex display 
this behavior.  The Ru-N(Dpzp-pyridine) bond length (2.0710Å) is shorter than the Ru-
N(Pdto-pyridine) bond lengths (2.1321Å, 2.1337Å) and is bound directly trans to the 
longer of the two Ru-S(Pdto-thioether) bonds. This may indicate that stronger π-back 
bonding occurs with the Dpzp pyridine than with the Pdto-based pyridines.   
 
Structure of [Ru(Ppes)(Dpzp)](ClO4)2 . 2/3H2O 
   
An ORTEP diagram is shown in Figure 3.3, while selected bond lengths and 
angles are shown in Table 3.3.  The X-ray structure shows pseudo-octahedral N4S2 
coordination with Ru(II) bound to two sulfurs, three pyridine nitrogen atoms and one 
pyrazole nitrogen atom. The Ru-N(Dpzp-pyrazole) bond length (2.1118Å) similar to that 
of its Pdto-based analogue.  As with the [Ru(Pdto)(Dpzp)](ClO4)2 complex,  the Ru-
N(Dpzp-pyridine) bond length (2.0866Å) is the shortest once again, suggesting that 
stronger π-back bonding occurs with the Dpzp pyridine than with the Pdto-based 
pyridines, but is longer than the Ru-N(Dpzp-pyridine) bond length (2.0710Å) of the Pdto-
based analogue.  Additionally, the [Ru(Ppes)(Dpzp)](ClO4)2  Ru-N(Ppes-pyridine) 
(2.1270Å, 2.1511Å) bond lengths are longer, while the [Ru(Ppes)(Dpzp)](ClO4)2 Ru-

































Figure 3.3. ORTEP drawing of the [Ru(Ppes)(Dpzp)]2+ cation  
showing the atom numbering scheme and the thermal motion ellipsoids  
(50% probability level); the hydrogen atoms are omitted for clarity. 
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Table 3.3. Selected bond lengths (Å) and angles (°) for [Ru(Ppes)(Dpzp)](ClO4)2 . 




N(1)-Ru(1)            2.0866(12)  N(4)-Ru(1)            2.1511(13) 
N(2)-Ru(1)            2.1118(12)  Ru(1)-S(1)            2.2920(4) 
N(3)-Ru(1)            2.1270(13)  Ru(1)-S(2)            2.3190(4) 
     
Bond Angles: 
N(5)-N(2)-Ru(1)           108.73(9)  N(3)-Ru(1)-S(1)            88.89(4) 
N(1)-Ru(1)-N(2)            76.72(5)  N(4)-Ru(1)-S(1)            94.96(4) 
N(1)-Ru(1)-N(3)            87.84(5)  N(1)-Ru(1)-S(2)           177.65(4) 
N(2)-Ru(1)-N(3)            84.34(5)  N(2)-Ru(1)-S(2)           101.01(3) 
N(1)-Ru(1)-N(4)            85.92(5)  N(3)-Ru(1)-S(2)            91.35(4) 
N(2)-Ru(1)-N(4)            91.04(5)  N(4)-Ru(1)-S(2)            94.76(3) 
N(3)-Ru(1)-N(4)           172.95(5)  N(2)-Ru(1)-S(1)           169.84(4) 
N(1)-Ru(1)-S(1)            95.51(4)  S(1)-Ru(1)-S(2)            86.686(13) 




















analogue (2.3161, 2.3473Å) with the shorter of the two bond lengths coming from the 
Ru-S bond directly trans of the Dpzp-pyridine.  This may be indicative of greater  
competition for π-back bonding coming from the thioether components due to the 
presence of the benzene ring. 
 
Structure of [Ru(Pdto)(Ppbi)](ClO4)2 .2H2O 
 
An ORTEP diagram is shown in Figure 3.4, while selected bond lengths and 
angles are shown in Table 3.4.  The X-ray structure shows pseudo-octahedral N4S2 
coordination with Ru(II) bound to two sulfurs, three pyridine nitrogen atoms and one 
benzimidazole nitrogen atom. The Ru-N(Ppbi-benzimidazole) bond length (2.106Å) is 
shorter than the Ru-N(Ppbi-pyridine) (2.134Å) bond length indicating stronger π back- 
bonding from the benzimidazole. The Ppbi-pyridine and –benzimidazole lie in the same 
plane with very little rotation around the σ bond (torsion angle: 2.86°), but the phenyl 
group lies 60.85° out of the plane.  Once again, the Ru-S(Pdto-thioether) bonds are of 
different lengths, but, unlike before, the shortest Ru-S bond length is trans to the shortest 
Ru-N(diimine) bond length.  The Pdto pyridines have a torsion angle difference of 33.95° 
relative to each other, and the Ru-N(Pdto-pyridine) bond lengths (2.146Å, 2.154Å) are 
longer than that of the Ru-N(Ppbi-pyridine). 
 





































Figure 3.4. ORTEP drawing of the [Ru(Pdto)(Ppbi)]2+ cation  
showing the atom numbering scheme and the thermal motion ellipsoids  
(50% probability level); the hydrogen atoms are omitted for clarity. 
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Table 3.4. Selected bond lengths (Å) and angles (°) for [Ru(Pdto)(Ppbi)](ClO4)2 




Ru-S(1A)  2.2977(12)  Ru-N(2)  2.106(4) 
Ru-S(1B)  2.3264(12)  Ru-N(1A)  2.146(5) 
Ru-N(1)  2.133(4)  Ru-N(1B)  2.153(5) 
     
 
Bond Angles: 
N(2)-Ru-N(1) 75.89(16)  N(1A)-Ru-S(1A) 93.87(11) 
N(2)-Ru-N(1A) 88.51(14)  N(1B)-Ru-S(1A) 86.79(11) 
N(1)-Ru-N(1A) 92.12(15)  N(2)-Ru-S(1B) 101.34(11) 
N(2)-Ru-N(1B) 91.17(14)  N(1)-Ru-S(1B) 175.99(11) 
N(1)-Ru-N(1B) 90.14(15)  N(1A)-Ru-S(1B) 84.86(11) 
N(1A)-Ru-N(1B) 177.6(2)  N(1B)-Ru-S(1B) 92.83(12) 
N(2)-Ru-S(1A) 171.63(11)  S(1A)-Ru-S(1B) 86.87(5) 





































Figure 3.5. ORTEP drawing of the [Ru(Pdto)(Pmi)]2+ cation  
showing the atom numbering scheme and the thermal motion ellipsoids  
(50% probability level); the hydrogen atoms are omitted for clarity.  
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Table 3.5. Selected bond lengths (Å) and angles (°) for [Ru(Pdto)(Pmi)](ClO4)2 . 




Ru(1)-S(2)            2.3018(4)   Ru(1)-N(2)            2.1487(14)  
Ru(1)-S(1)            2.3228(4)   Ru(1)-N(3)            2.1207(14)  
Ru(1)-N(1)            2.1359(14)  Ru(1)-N(5)            2.1122(14)  
     
 
Bond Angles: 
N(3)-Ru(1)-N(1)            90.11(5)   N(5)-Ru(1)-S(1)           176.57(4)  
N(5)-Ru(1)-N(2)            90.98(5)   N(3)-Ru(1)-S(1)           101.05(4)  
N(3)-Ru(1)-N(2)            90.30(5)   N(1)-Ru(1)-S(1)            93.34(4)  
N(1)-Ru(1)-N(2)           179.58(5)   N(2)-Ru(1)-S(1)            86.66(4)  
N(5)-Ru(1)-S(2)            96.76(4)   S(2)-Ru(1)-S(1)           85.887(14)  
N(3)-Ru(1)-S(2)           172.00(4)   N(5)-Ru(1)-N(3)            76.47(5)  
N(1)-Ru(1)-S(2)            85.47(4)   N(5)-Ru(1)-N(1)            89.04(5)  
N(2)-Ru(1)-S(2)            94.11(4)     
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An ORTEP diagram is shown in Figure 3.5, while selected bond lengths and 
angles are shown in Table 3.5.  The X-ray structure shows pseudo-octahedral N4S2 
coordination with Ru(II) bound to two sulfurs, three pyridine nitrogen atoms and one  
indazole nitrogen atom.  The pyridine and the indazole of the diimine bidentate are 
almost coplanar with only a 1.28° rotation around the σ bond. The Ru-N(Pmi-pyridine) 
bond length (2.112Å) is shorter than the Ru-N(Pmi-indazole) bond length (2.121Å), 
which may indicate that for this complex the Pmi-pyridine π back-bonding character is 
greater than that of the Pmi-indazole.  The Pdto-pyridines have a torsion angle difference 
of 45.39° and the Ru-N(Pdto-pyridine) bond lengths (2.149Å, 2.136Å) are slightly 
different.  As seen earlier, the Ru-S(Pdto-thioether) bond (2.323Å) trans to the shortest 
Ru-N(diimine) bond is the longer of the two Ru-S(Pdto-thioether) bonds (2.323Å, 
2.302Å). 
 
Structure of [Ru(Ppes)(Pmi)](ClO4)2 
 
An ORTEP diagram is shown in Figure 3.6, while selected bond lengths and angles are 
shown in Table 3.6.  The X-ray structure shows pseudo-octahedral N4S2 coordination 
with Ru(II) bound to two sulfurs, three pyridine nitrogen atoms and one indazole nitrogen 
atom.  As seen in the [Ru(Pdto)(Pmi)](ClO4)2 .CH3OH complex, the pyridine and the 
indazole of the diimine are nearly coplanar, but there is greater σ rotation in this complex 
(7.81°).  Additionally, the Ru-N(Pmi-pyridine) bond length (2.095Å) is shorter than the 
Ru-N(Pmi-indazole) bond length (2.118Å), and the Ru-S(Ppes-thiother) bond (2.289Å) 


































Figure 3.6. ORTEP drawing of the [Ru(Ppes)(Pmi)]2+ cation  
showing the atom numbering scheme and the thermal motion ellipsoids  
(50% probability level); the hydrogen atoms are omitted for clarity.  
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Table 3.6. Selected bond lengths (Å) and angles (°) for [Ru(Ppes)(Pmi)](ClO4)2. 




Ru(1)-S(2)            2.3274(17)  Ru(1)-N(3)            2.095(5) 
Ru(1)-S(1)            2.2892(16)  Ru(1)-N(4)            2.141(5) 
Ru(1)-N(1)            2.118(5) Ru(1)-N(5)            2.153(5) 
     
 
Bond Angles: 
N(3)-Ru(1)-N(1)            75.3(2)  N(4)-Ru(1)-S(1)            94.19(14) 
N(3)-Ru(1)-N(4)            92.9(2)  N(5)-Ru(1)-S(1)            84.48(14) 
N(1)-Ru(1)-N(4)            92.46(19)  N(3)-Ru(1)-S(2)           175.08(15) 
N(3)-Ru(1)-N(5)            87.0(2)  N(1)-Ru(1)-S(2)           103.36(15) 
N(1)-Ru(1)-N(5)            88.80(19)  N(4)-Ru(1)-S(2)            91.93(15) 
N(4)-Ru(1)-N(5) 178.64(19)  N(5)-Ru(1)-S(2)            88.27(15) 
N(3)-Ru(1)-S(1)            94.33(15)  S(1)-Ru(1)-S(2)            86.46(6) 

















thioether) bond (2.327Å) bound cis to it, and in keeping in the trend set by the Ppes 
complexes vs. their Pdto analogues, the Ru-S(Ppes-thioether) bonds are shorter than the 
Ru-S(Pdto-thioether) bonds.  As stated before, this is likely due to greater competition for 
π-back bonding coming from the thioether components due to the presence of the 
benzene ring. 
 
Structure of [Ru(Pdto)(Ppti)](ClO4)2 . MeOH 
 
An ORTEP diagram is shown in Figure 3.7, while selected bond lengths and 
angles are shown in Table 3.7.  The X-ray structure shows distorted octahedral N4S2 
coordination with Ru(II) bound to two sulfurs, three pyridine nitrogen atoms and one 
indazole nitrogen atom. The Ppti-pyridine is rotated 9.8° outside of the plane the indazole 
lies in, along the σ bond they share.  Additionally, the phenyl ring on the second position 
of the indazole is rotated 48.49° outside of the indazole plane.  The cyclohexane ring 
formed by the 4,5,6,7-tetrahydro component has a chair configuration.  The Ru-N(Ppti-
indazole) and Ru-N(Ppti-pyridine) bond length (2.153Å) are similar to those of the other 
Ru-indazole complexes in this study, though slightly longer.  The Ru-N(Pdto-pyridine) 
bond lengths (2.140Å, 2.133Å) are nearly equivalent to that of the 
[Ru(Pdto)(Dpzp)](ClO4)2 complex, but N(Pdto-pyridine)-Ru-S bond angles (94.14°, 
83.18°, 93.08°, 86.18°) generally seem to be smaller than the Dpzp-based analogue.   
 





































Figure 3.7. ORTEP drawing of the [Ru(Pdto)(Ppti)]2+ cation  
showing the atom numbering scheme and the thermal motion ellipsoids  
(50% probability level); the hydrogen atoms are omitted for clarity 
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Table 3.7. Selected bond lengths (Å) and angles (°) for [Ru(Pdto)(Ppti)](ClO4)2 . MeOH. 
The value in parentheses represents the standard deviation in the last significant figure. 
 
Bond Lengths: 
N(1)-Ru(1)            2.153(2)  N(5)-Ru(1)            2.133(2) 
N(3)-Ru(1)            2.121(2)  Ru(1)-S(1)) 2.2945(7) 
N(4)-Ru(1)            2.140(2)  Ru(1)-S(2) 2.3229(7) 
     
 
Bond Angles: 
N(3)-Ru(1)-N(5)            87.20(9)  N(4)-Ru(1)-S(1)            94.14(7) 
N(3)-Ru(1)-N(4)            96.53(9)  N(1)-Ru(1)-S(1)           169.03(6) 
N(5)-Ru(1)-N(4)           176.22(9)  N(3)-Ru(1)-S(2)           178.57(7) 
N(3)-Ru(1)-N(1)            76.63(9)  N(5)-Ru(1)-S(2)            93.08(7) 
N(5)-Ru(1)-N(1)            87.56(9)  N(4)-Ru(1)-S(2)            83.18(7) 
N(4)-Ru(1)-N(1)            92.69(9)  N(1)-Ru(1)-S(2)           101.97(6) 
N(3)-Ru(1)-S(1)            94.06(7)  S(1)-Ru(1)-S(2)            87.36(3) 
N(5)-Ru(1)-S(1)            86.18(6)    
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The crystal chemical unit cell of the [Ru(Pdto)(DmpbH)](ClO4)2 .H2O complex 
displays two chemically equivalent, but symmetrically inequvalent, cis α1-based 
 [Ru(Pdto)(DmpbH)]2+ dications (Figure 3.8).  ORTEP diagrams are shown in Figures 
3.8a and 3.8b, while selected bond lengths and angles are shown in Tables 3.8a and 
3.8b.  The X-ray structure shows distorted octahedral N4S2 coordination with Ru(II) 
bound to two sulfurs, three pyridine nitrogen atoms and one benzimidazole nitrogen 
atom.  Unlike [Ru(Pdto)(Ppbi)](ClO4)2, the Ru-N(DmpbH-pyridine) bond lengths (3.8a: 
2.123Å, 3.8b: 2.123Å ) are shorter than the Ru-N(DmpbH-benzimidazole) bond lengths 
(3.8a: 2.140Å, 3.8b: 2.140Å), which indicates a shift of π back-bonding character from 
the benzimidazole to the pyridine likely based on the substituent that occupies the second 
position of the benzimidazole. In Figure 3.8a, as noted earlier, the Ru-S(Ppes-thioether) 
bond (2.314Å) directly trans the shorter of the two diimine based bond lengths are longer 
than the second Ru-S(Ppes-thioether) bonds (3.8a: 2.300Å).  The opposite effect is seen 
in Figure 3.8b, in which the Ru-S(Ppes-thioether) bond (Ru(2)-S(1B): 2.3145Å) trans to 
the benzimidazole nitrogen is the longer of the two Ru-S bonds. 
 
Structure of [Ru(Pdto)(Capp)](ClO4)2 
 
The crystal chemical unit cell of the [Ru(Pdto)(Capp)](ClO4)2 complex displays 
both the cis-α1 and cis-α2 isomers as shown in Scheme 3.2 (Figure 3.9). ORTEP 
diagrams are shown in Figures 3.9a and 3.9b, while selected bond lengths and angles are 
shown in Tables 3.9a and 3.9b. Both the cis α1 and cis α2 X-ray structures show pseudo-

































Figure 3.8. Capped stick view of the [Ru(Pdto)(DmpbH)]2+ crystal chemical unit and 
four perchlorate anions.  The different colors of the [Ru2(Ppes)2(µ-Cl)2]2+  dications 
(green and blue) and of the perchlorate anions (red, magenta, cyan and yellow) denote 
































Figure 3.8a. ORTEP drawing of the first cis α1 [Ru(Ppes)(DmpbH)]2+ cation  
showing the atom numbering scheme and the thermal motion ellipsoids  
(50% probability level); the hydrogen atoms are omitted for clarity.  
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Table 3.8a. Selected bond lengths (Å) and angles (°) for [Ru(Pdto)(DmpbH)](ClO4)2 . 
H2O (Figure 3.8a). The value in parentheses represents the standard deviation in the 
last significant figure. 
 
Bond Lengths: 
Ru(1)-N(4A)  2.116(3)  Ru(1)-N(2A)  2.136 (3) 
Ru(1)-N(1A)  2.136(3)  Ru(1)-S(2A)  2.3123(9) 
Ru(1)-N(3A)  2.140(3)  Ru(1)-S(1A)  2.3179(10) 
     
Bond Angles: 
S(2A)-Ru(1)-S(1A) 87.21(3)  N(1A)-Ru(1)-S(2A) 85.05(8) 
N(4A)-Ru(1)-N(1A) 92.71(11)  N(3A)-Ru(1)-S(2A) 96.13(8) 
N(4A)-Ru(1)-N(3A) 77.38(11)  N(2A)-Ru(1)-S(2A) 93.88(8) 
N(1A)-Ru(1)-N(3A) 90.07(11)  N(4A)-Ru(1)-S(1A) 99.35(8) 
N(4A)-Ru(1)-N(2A) 88.70(10)  N(1A)-Ru(1)-S(1A) 92.16(8) 
N(1A)-Ru(1)-N(2A) 176.75(11)  N(3A)-Ru(1)-S(1A) 176.13(8) 
N(3A)-Ru(1)-N(2A) 93.09(11)  N(2A)-Ru(1)-S(1A) 84.72(8) 




































Figure 3.8b. ORTEP drawing of the second cis α1 [Ru(Ppes)(DmpbH)]2+ cation  
showing the atom numbering scheme and the thermal motion ellipsoids  
(50% probability level); the hydrogen atoms are omitted for clarity.  
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Table 3.8b. Selected bond lengths (Å) and angles (°) for [Ru(Pdto)(DmpbH)](ClO4)2 . 
H2O (Figure 3.8b). The value in parentheses represents the standard deviation in the 
last significant figure. 
 
Bond Lengths: 
Ru(2)-N(4B)  2.140(3)  Ru(2)-N(2B)  2.139(3) 
Ru(2)-N(1B)  2.135(3)  Ru(2)-S(2B)  2.3000(10) 
Ru(2)-N(3B)  2.123(3)  Ru(2)-S(1B)  2.3145(11) 
     
 
Bond Angles: 
S(2B)-Ru(2)-S(1B) 87.28(3)  N(1B)-Ru(2)-S(2B) 84.53(9) 
N(4B)-Ru(2)-N(1B) 89.06(11)  N(3B)-Ru(2)-S(2B) 175.97(9) 
N(4B)-Ru(2)-N(3B) 77.73(12)  N(2B)-Ru(2)-S(2B) 93.60(8) 
N(1B)-Ru(2)-N(3B) 94.35(11)  N(4B)-Ru(2)-S(1B) 173.81(8) 
N(4B)-Ru(2)-N(2B) 92.25(11)  N(1B)-Ru(2)-S(1B) 94.05(9) 
N(1B)-Ru(2)-N(2B) 177.85(12)  N(3B)-Ru(2)-S(1B) 96.67(10) 
N(3B)-Ru(2)-N(2B) 87.59(11)  N(2B)-Ru(2)-S(1B) 84.81(9) 
































Figure 3.9. Capped stick view of the [Ru(Pdto)(Capp)]2+ crystal chemical unit 
and four perchlorate anions.  The different colors of the [Ru(Pdto)(Capp)]2+  
cations (green and blue) denote molecues of different geometric isomerism (cis α1 
and cis α2: Scheme 3.2) and the colors of the perchlorate anions (red, magenta, 





































Figure 3.9a. ORTEP drawing of the cis α2 [Ru(Pdto)(Capp)]2+ cation 
showing the atom numbering scheme and the thermal motion ellipsoids  
(50% probability level); the hydrogen atoms are omitted for clarity.  
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Table 3.9a. Selected bond lengths (Å) and angles (°) for cis α2 [Ru(Pdto)(Capp)](ClO4)2 




Ru(1A)-S(2A)          2.2986(12)  N(2A)-Ru(1A)          2.132(3) 
Ru(1A)-S(1A)          2.3169(10)  N(3A)-Ru(1A)         2.110(3) 
N(1A)-Ru(1A)          2.118(4)  N(5A)-Ru(1A)          2.103(4) 
     
 
Bond Angles: 
N(1A)-Ru(1A)-S(1A)         92.98(10)  N(3A)-Ru(1A)-N(2A)        91.39(13) 
N(1A)-Ru(1A)-S(2A)         85.84(12)  N(5A)-Ru(1A)-N(1A)         92.72(15) 
N(1A)-Ru(1A)-N(2A)        178.54(14)  N(5A)-Ru(1A)-N(2A)         88.38(14) 
N(2A)-Ru(1A)-S(1A)         85.91(9)  N(5A)-Ru(1A)-N(3A)         76.94(15) 
N(2A)-Ru(1A)-S(2A)         93.16(11)  N(5A)-Ru(1A)-S(1A)         99.02(10) 
N(3A)-Ru(1A)-S(1A)        175.22(11)  N(5A)-Ru(1A)-S(2A)        173.99(10) 
N(3A)-Ru(1A)-S(2A)         97.20(11)  S(2A)-Ru(1A)-S(1A)         86.89(4) 
N(3A)-Ru(1A)-N(1A)         89.79(13)    

































Figure 3.9b. ORTEP drawing of the cis α1 [Ru(Pdto)(Capp)]2+ cation 
showing the atom numbering scheme and the thermal motion ellipsoids  
(50% probability level); the hydrogen atoms are omitted for clarity 
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Table 3.9b. Selected bond lengths (Å) and angles (°) for cis α1 [Ru(Pdto)(Capp)](ClO4)2 




Ru(1B)-S(2B)          2.3182(11)  N(2B)-Ru(1B)          2.117(4) 
Ru(1B)-S(1B)          2.3019(13)  N(3B)-Ru(1B)         2.120(4) 
N(1B)-Ru(1B)          2.129(4)  N(5B)-Ru(1B)          2.121(4) 
     
 
Bond Angles: 
N(1B)-Ru(1B)-S(1B)         94.00(12)  N(3B)-Ru(1B)-N(2B)        90.70(15) 
N(1B)-Ru(1B)-S(2B)         84.75(9)  N(5B)-Ru(1B)-N(1B)         88.52(15) 
N(1B)-Ru(1B)-N(2B)        178.48(14)  N(5B)-Ru(1B)-N(2B)         91.90(15) 
N(2B)-Ru(1B)-S(1B)         85.75(11)  N(5B)-Ru(1B)-N(3B)         76.77(16) 
N(2B)-Ru(1B)-S(2B)         93.74(11)  N(5B)-Ru(1B)-S(1B)         172.80(10) 
N(3B)-Ru(1B)-S(1B)        96.43(12)  N(5B)-Ru(1B)-S(2B)        99.93(11) 
N(3B)-Ru(1B)-S(2B)         174.57(11)  S(2B)-Ru(1B)-S(1B)         87.02(5) 
N(3B)-Ru(1B)-N(1B)         90.83(14)    




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































pyridine nitrogen atoms and one pyrazole nitrogen atom.  The Ru-N(Capp-pyridine) and 
the Ru-N(Capp pyrazole) bond lengths for both isomers are nearly equivalent at 
approximately 2.121 Å, suggesting no π back-bonding competition amongst the donor 
nitrogen atoms, however, upon second look, the Ru-S(Pdto-thioether) bonds, directly 
trans to the Ru-N(Capp-pyridine) bond, are the longer of the two Ru-S(Pdto-thioether) 
bonds, suggesting that Capp-pyridine does have greater π back-bonding character than 
the Capp-pyrazole, but to a lesser extent than seen in [Ru(Pdto)(Dpzp)](ClO4)2 and 
[Ru(Ppes)(Dpzp)](ClO4)2.  The π back- bonding character of the Capp-pyrazole has been 
strengthened by addition of the bicyclic camphor-based system. 
 Based upon the bond length averages reported in Table 10b, while the diimine 
pyridine-based Ru-N bonds are shorter than those of the non-pyridine diimine Ru-N 
bonds, it is not by a great margin, and in fact, the values are almost equivalent, falling 
safely within the standard deviation ranges.  This suggests that despite the diimine 
pyridines displaying greater π-bonding activity in the individual systems, overall, there is 




Rotating disk polarography and cyclic voltammetry were used to investigate the 
redox behavior of the mononuclear complexes. The mononuclear complexes show a 
single-electron Ru(II)→Ru(III) oxidative response, in the range of +850 to +1300 mV, 
involving the removal of an electron from the t2g orbital set.  The parameters for 
reversibility are based on the ∆Ep0 values in Table 3.11, with a value within 10 mV 
  
88 
(based upon standard deviation) above or below the Nernstian value of 59 mV considered 
to be a reversible, one electron system based upon the equation: 
 
∆Ep0  = 59/n   (1) 
in which n represents the number of electrons transferred.  
All  ∆Ep0 values above 59 mV and outside the range of standard deviation are 
considered quasireversible or irreversible, dependent upon the appearance of the 
voltammogram.    
For the cyclic voltammetry examples, the diffusion coefficient, D, a 
proportionality constant reflecting the amount of a substance travelling across a specific 
area over a specific time interval and for a known concentration, is determined using the 
following equation:  
ip = (2.69×105)n3/2ADo1/2ν1/2Co*  (2) 
 
in which ip is peak current in µA, n is the number of electrons transferred, A is the area of 
the electrode in cm2,  ν is the scan rate  in V/sec and Co* is concentration in mM. 
 For the rotating disk polarography examples, D is determined using the Levich 
equation:  
i  = (0.620)nFADo2/3ν−1/6ω1/2Co*  (3) 
which has all of the components of  Eq. 2 with an additional term for angular velocity 
(ω).  The diffusion coefficients are coupled with η, which in our case is, the absolute 
viscosity value of Bu4NPF6 in acetonitrile (0.0037 Poise) to give a Dη value. 
  
89 
[Ru(Pdto)(PnimH)](ClO4)2 and the [Ru(Ppes)(PnimH)](ClO4)2 complexes, both of which 
have an ionizable proton on the diimine, were shown to be irreversible. According to 
Haga et al.31, Ru(II) complexes with “n” number of ionizable NH systems have n+1 
equilibrium states, the standard state and the deprotonated states.  The PnimH-based 
complexes have only two states: 
 
    (4) 
 
Complexes of this nature are treated with p-toluenesulfonic acid to flood the 
system with protons and supress deprotonation at more positive oxidation states.    
 [Ru(Pdto)(DmpbH)](ClO4)2 and [Ru(Ppes)(DmpbH)](ClO4)2 behaved in a similar 
fashion, but to a lesser extent than the PnimH-based complexes, allowing for an 
interpretable oxidative response without the need for p-toluenesulfonic acid.  Figure 3.10 
shows the polarogram of the p-toluenesulfonic acid-treated [Ru(Ppes)(PnimH)](ClO4)2 
complex. Differences in oxidation potential are a result of the π back-donating character 
of the ligands, where the greater the amount of π back-donating ligands present on the 
metal, the higher the oxidative potential.32 The oxidation potentials of the Ppes analogues 
are 50 to150 mV higher than that of the Pdto complexes, which is indicative of the 
greater π back-bonding ability of the Ppes ligand over that of Pdto, as earlier observed in 
the smaller Ru-S bond lengths of the mononuclear Ppes complexes.  Based upon these 
data, it is reasonable to suggest that ability of the tetradentate thioether to stabilize the 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3.10. RDE polarogram of the p-toluenesulfonic acid-treated 
[Ru(Ppes)(PnimH)](ClO4)2 complex at multiple rotation rates showing an E1/2 value of 







Pdto > Ppes 
 
and that the ability of the diimine to stabilize the Ru(III) state proceeds (for the Pdto-
based complexes) as following: 
 
Ombm > Mqbi > Capp > DmpbH > PnimH > Mpbi >Ppbi ≥ Ppti > Dmzp ≥ Dpzp >  
Bipy > Pmi > Pbtz 
 
A cathodic scan of the mononuclear complexes should yield two or more 
reductive responses, indicative of the formation of the anion radicals of the thioether-
based pyridines and of the diimine ligand.  The majority of the complexes have from one 
to three irreversible or quasireversible reductive responses with the Ppes complexes often 
having one more response than their Pdto-based analogues.  For the complexes that 
display a quasireversible reductive response, such as [Ru(Pdto)(Mqbi)](ClO4)2 and 
[Ru(Ppes)(Bipy)](ClO4)2, a comparison to the reduction potentials of their respective tris-
bidentate Ru(II) complexes shows that the most positive reduction waves of the mixed 
ligand and the tris-chelate20 are within 60 mV of each other, and that this wave likely 
represents the reduction of the diimine in the mixed-ligand complex.   
Cyclic voltammetry gave two oxidative responses for the dinuclear 
[Ru2(Ppes)2(µ-Cl)2](ClO4)2 complex (Figure 3.11), indicative of the successive oxidation 
of the two Ru(II) nuclei.  The first, a quasireversible response at E1/2 = +825 mV vs APE, 
representative of an overall Ru(III)-Ru(II) state, and the second, a quasireversible 







































Figure 3.11. Cyclic voltammogram of [Ru2(Ppes)2(µ-Cl)]2(ClO4)2 




overall Ru(III)-Ru(III) state.  A single reductive response is seen at -930 mV representive 
of the reduction of a Ppes ligand pyridine to its anion radical and the overall Ru(II)-
Ru(II)-L- state.  The dinuclear complexes’ affinity for the mixed-valence Ru(III)-Ru(II) 
state can be determined by its comproportionation constant Kc, represented by the 
following  equation in which ∆ E1/2  refers to the difference between the E1/2 values of the 
first and second Ru(II)/(III) oxidations: 
 
Kc = [Ru(II)Ru(III)]2/[Ru(II)Ru(II)][Ru(III)Ru(III)] = exp(F∆E1/2/RT)     (5) 
 
The value of Kc = 3.50 x 107 is calculated from the ∆E1/2 value of +0.452 mV and 
falls in the range of other dinuclear Ru(II) systems with stable mixed valence  
Ru(II)/(III) states, 23,33and is higher than the value of Kc = 4.80 x 106 shown for the 
[Ru(Pdto)(µ-Cl)]2(ClO4)2 complex.  The increased mixed-valence stability of the 
[Ru(Ppes)(µ-Cl)]2(ClO4)2 complex over the [Ru(Pdto)(µ-Cl)]2(ClO4)2 complex may be 
due to the Cl(1)-Ru(1)-Cl(2) and the Cl(1)-Ru(2)-Cl(2) angles of the [Ru(Ppes)(µ-
Cl)]2(ClO4)2  complex being more obtuse than that of [Ru(Pdto)(µ-Cl)]2(ClO4)2 , leading 
to a shorter Ru-Ru distance in the [Ru(Ppes)(µ-Cl)]2(ClO4)2 complex, greater Ru-Ru 
interaction and a larger ∆E. 
The Lever equation34: 
 





Table 3.12: Lever parameters (EL) for ligands in this study
















avalues taken from Lever, A. P. B., Inorg Chem
1990, 29, 1271-1285
is based on the [Ru(bpy)nL6−2n]m+ template, where n is the number of bound ligands (0 to 
3 in the case of a bidentate ligand), Eobs is the experimentally found E1/2 value of the 
Ru(II)/(III) oxidative couple and EL is the ligand-based Lever electrochemical parameter.  
The electrochemical parameters (EL) for bipyridine, pyridine, diethyl sulfide  and 1-(2-
pyridyl)-3,5-dimethylpyrazole34 have been used to calculate the average EL(L) values (vs. 












The EL value for Pdto was calculated as follows:  using the E1/2 value of +1.676 V 
(vs. SHE) for the [Ru(Pdto)(Bipy)]2+ complex10 as Eobs, the bipyridine EL value of +0.253 
(vs. SHE) and Eq. 6 gives us the following: 
 
   1.676 V  = 2(1) × 0.253 V +(6-2(1))EL(Pdto)            (7) 
Simplifying Eq. 7 yields: 
 
    1.676 V = 0.506 V +4EL(Pdto)                      (8) 
Solving Eq. 8 for EL(Pdto) yields:          
 
0.293 V = EL(Pdto)                                         (9) 
Repeating the EL(Pdto) calculation using the Dmzp EL value of +0.224 (vs. SHE) yields: 
 
0.307 = EL(Pdto)     (10) 
 
Averaging the EL(Pdto) values gives a final value of 0.300 V.  These same EL(Bipy)- and 
EL(Dmzp)-based calculations were performed to find EL(Ppes), and the diimine EL values 
were taken as averages of the results obtained from the use EL(Pdto) and EL(Ppes).  The 
E1/2 values (vs. SHE) calculated from these EL(L) values are reported as the sums of the 
individual ligand EL values (Table 3.13).  The calculated values fall in the range of ± 30 
mV of the observed values.  We recognize that the values obtained for the invidiual EL 
parameters are based on only two complexes and that inorder to obtain more accurate 




Table 3.13: Observed E1/2 Potentials vs. Calculated Potentials for Mononuclear Complexes Using EL Parameters
Eobs vs. APE Eobs vs. SHE Ecalc vs. APE Ecalc vs. SHE
Complex (mV) (mV) (mV) (mV)
3+/2+ 3+/2+ 3+/2+ 3+/2+
[Ru(Pdto)(Ppbi)]2+ +1057 +1597 +1080 +1620
[Ru(Ppes)(Ppbi)]2+ +1160 +1700 +1140 +1680
[Ru(Pdto)(Ppti)]2+ +1058 +1598 +1080 +1620
[Ru(Ppes)(Ppti)]2+ +1163 +1703 +1140 +1680
[Ru(Pdto)(Dpzp)]2+ +1114 +1654 +1140 +1680
[Ru(Ppes)(Dpzp)]2+ +1225 +1765 +1200 +1740
[Ru(Pdto)(Dmzp)]2+ +1113 +1653 +1108 +1648
[Ru(Ppes)(Dmzp)]2+ +1183 +1723 +1168 +1708
[Ru(Pdto)(Pmi)]2+ +1171 +1711 +1188 +1728
[Ru(Ppes)(Pmi)]2+ +1265 +1805 +1248 +1788
[Ru(Pdto)(Mqbi)]2+ +998 +1538 +1008 +1548
[Ru(Ppes)(Mqbi)]2+ +1079 +1619 +1068 +1608
[Ru(Pdto)(DmpbH)]2+ +1019 +1559 +1044 +1584
[Ru(Ppes)(DmpbH)]2+ +1130 +1670 +1104 +1644
[Ru(Pdto)(Ombm)]2+ +885 +1425 +922 +1462
[Ru(Ppes)(Ombm)]2+ +1018 +1558 +982 +1522
[Ru(Pdto)(Mpbi)]2+ +1047 +1587 +1054 +1594
[Ru(Ppes)(Mpbi)]2+ +1122 +1662 +1114 +1654
[Ru(Ppes)(Bipy)]2+ +1212 +1752 +1226 +1766
[Ru(Pdto)(PnimH)]2+ +1041 +1581 +1050 +1590
[Ru(Ppes)(PnimH)]2+ +1120 +1660 +1110 +1650
[Ru(Pdto)(Pbtz)]2+ +1213 +1753 +1224 +1764
[Ru(Ppes)(Pbtz)]2+ +1293 +1833 +1284 +1824

























3.3.4. Spectrochemical Analysis 
 
The oxidation of Ru(II) complexes to Ru(III) complexes is denoted by the 
disappearance of the higher energy Ru(II)-based MLCT band and the appearance of a 
lower energy Ru(III)-based LMCT band .  The simplest example of this behavior is seen 
in the comparison of Ru(bipy)32+ and Ru(bipy)33+.  The single, moderately-intense 
(ε=14500 M-1 cm-1) Ru(bipy)32+ MLCT band at 453 nm is not present in the Ru(bipy)33+ 
complex, and is instead replaced by a weaker (ε=750 M-1 cm-1) LMCT band at 675 nm.35  
This trend is consistent for both homo- and heteroleptic Ru(II) systems. 
A solution of [Ru(Pdto)(Mpbi)]2+ and an appropriate amount of NBu4PF6 in 
acetonitrile was electrolyzed in a spectrophotometric flow cell with a 5-mm path length.  
A three-electrode configuration was used  with at Pt-mesh (3.75 cm2) working electrode 
in a porous Vycor tube™, a Pt wire auxiliary electrode and an Ag+(0.01 M, 0.1 M 
NEt4ClO4, MeCN)/Ag reference electrode.13 In accordance with the Nernst equation: 
  
E = E° - (59.1 mV/n)log10([Red]/[Ox])  (11) 
 
where E is half-cell potential, E° is the standard electrode potential and n is the number of 
electrons transfered, a potential of 1.17 V, two Nernstian decades above the E1/2 value, 
was applied to oxidize approximately 99% of the Ru(II) complex to Ru(III).   Figure 
3.12 is an overlay of the absorption spectra of [Ru(Pdto)(Mpbi)]2+ and its oxidized form, 





































Figure 3.12.  Absorption spectra overlay of [Ru(Pdto)(Mpbi)]2+ and 
[Ru(Pdto)(Mpbi)]3+: [Ru(Pdto)(Mpbi)]2+ (Blue), [Ru(Pdto)(Mpbi)]3+ (Red).   
















the Ru(II)-Mpbi MLCT band at 425 nm had disappeared, followed by the appearance of a 
weak Ru(III)-based LMCT band at 720 nm.  The same electrolysis was repeated for the 
dinuclear [Ru2(Ppes)2(µ-Cl)2](ClO4)2 (Figure 3.13).  In a flow cell, a potential of +0.974 
mV, two Nernstian decades above the first oxidation potential, was applied, oxidizing the 
Ru(II)- Ru(II) complex to the Ru(III)-Ru(II) complex.  The once yellow solution turned 
red-orange and the MLCT shoulder at 360 nm lost intensity. In the same spectra, we see 
the appearance of the Ru(III)-based LMCT band near 700 nm.  To the Ru(III)-Ru(II) 
system, a potential of  +1.33 V was applied to partially (50%) oxidize the complex to the 
Ru(III)-Ru(III) state.   Upon oxidation, the solution retained its red-orange color, but the 
MLCT band at 360 nm had completely disappeared. 
In accordance to the work of Addison et al.36, for an electrolysis under constant 
conditions, i (current) is proportional to C (concentration), so that i=kC, where k is an 
empirical constant for the experimental setup.  Concentration is reduced by electrolysis as 
time increases, therefore -∆C is proportional to i∆t and -∆i is proportional to i∆t.  
Therefore –di=ki·dt, leading to i = ioe
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Figure 3.13.  Absorption spectra overlay of [Ru2(II/II)(Ppes)2(µ-Cl)]22+ (blue), 
[Ru2(II/III)(Ppes)2(µ-Cl)]22+ (red) and [Ru2(III/III)(Ppes)2(µ-Cl)]22+ (green).   






The plot of i vs. Q is linear, and the Q for complete electrolysis is given by the 
intercept on the x-axis when it approaches 0.  Plotting current (i) vs. charge (Q) for the 
[Ru2(Ppes)2(µ-Cl)2](ClO4)2 system (Figure 3.14) and extrapolating through the x-axis (it 
= 0) allows us to determine the amount of electrons transferred during electrolysis at t = 
∞ via the equation: 
 
                            Qt = nFNt        (14) 
 
in which Qt represents charge at time t, n represents the number of electrons,  F 
represents a Faraday and N represents moles consumed at time t.  The plot of the 95% 
oxidation of 0.926 mmoles (1 g) of Ru(II)/(II) to Ru(III)/(II) intercepts the x-axis at 
80900(±3528) mC.  Solving for n gives a value of n = +0.905(±0.039) e-, which is in line 
with the theoretical value of 0.95e-. 
 
3.3.5. Electronic Spectral Properties 
 
Table 3.14 shows the electronic absorption data for all of the complexes in this 
study, and Scheme 3.3 is a crystal field splitting diagram describing the types of bands 
seen in the absorption spectra.  The mononuclear complexes display two types of bands: 
strong bands in the range of 220-320 nm indicative of ligand-centered π→π* transitions 
and lower energy bands in the range of 330-450 nm attributed to 4d→π* MLCT 
Ru(II)→ligand transitions.  Ru(II) t2g6 (A1g)→t2g5eg1(1T1g, 1T2g) d-d transitions have 



































Figure 3.14.  Plot of current (i) vs charge (Q) for [Ru2(Ppes)2(µ-




Table 3.14: Absorption Spectra of Complexesa
Complex Absorption Emission Excitation
λ max (nm), [ε] (M
-1 cm-1) λ max (nm), [Qrel]
b λ max (nm)
 dπ→π*diimine dπ→π*thioether                                                                                     π→π*  
[Ru2(Ppes)2(µ-Cl)2](ClO4)2
 · EtOH 335[11000] 236[28500]sh, 344 [2.3] 288
216[73000]sh
[Ru(Pdto)(Ppbi)](ClO4)2 · 2H2O 411[2880] 335[16200]sh                  320[21400] 367 [3.5] 288
                                                                                                                                       242[21500]sh
[Ru(Ppes)(Ppbi)](ClO4)2 · 0.5H2O · 0.5MeOH 403[3340]         336[13700]sh         318[18000]sh 359 [9.8] 261
                                                                                                                                        300[21700]sh
                                                                                                                                        263[28100]
[Ru(Pdto)(Ppti)](ClO4)2 · 1.5MeOH 362[7780]sh 283[34300] 370 [0.044] 255
                                                                                                                                        268[32500]sh
[Ru(Ppes)(Ppti)](ClO4)2 · 0.5H2O 360[8315]sh 288[28100] 367 [4.8] 253
                                                                                                                                        270[24200]sh
                                                                                                                                        230[35000]
[Ru(Pdto)(Dpzp)](ClO4)2 · 2.5H2O 377[4200]sh 283[24700] 365 [2.5] 258
                                                                                                                                        268[24300]
                                                                                                                                        249[27500]sh
[Ru(Ppes)(Dpzp)](ClO4)2 · H2O 373[4680]sh 291[29400] 362 [0.6] 271
                                                                                                                                       272[27900]sh
                                                                                                                                        246[24800]
[Ru(Pdto)(Dmzp)](ClO4)2 · H2O 341[6780] 279[19400] 360 [2.2] 265
                                                                                                                                        251[17900]
[Ru(Ppes)(Dmzp)](ClO4)2 339[6450] 278[20000] 352 [4.5] 276
                                                                                                                                        244[21600]sh
aObtained at 20-30 °C in acetonitrile
bApproximate quantum yield relative to [Ru(Bipy)3]
2+ 





Table 3.14: Absorption Spectra of Complexesa (continued)
Complex Absorption Emission Excitation
λ max (nm), [ε] (M
-1 cm-1) λ max (nm), [Qrel]
b λ max (nm)
 dπ→π*diimine dπ→π*thioether                                                                                     π→π*  
[Ru(Pdto)(Pmi)](ClO4)2 · MeOH          354[7450]sh          306[23200] 439 [4.1] 272
                                                                                                                                        268[25100]
                                                                                                                                        261[244]sh
                                                                                                                                        248[27200]
[Ru(Ppes)(Pmi)](ClO4)2 · 0.5MeOH 357[7340]sh 307[21100]sh 436 [4.5] 259
                                                                                                                                        273[23500] 
                                                                                                                                        242[29600]
[Ru(Pdto)(Mpbi)](ClO4)2 407[4120] 336[21000]sh 321[24700] 366 [140] 275
306[23800]sh 
244[29900]
[Ru(Ppes)(Mpbi)](ClO4)2 410[4620] 336[21500]sh 322[26100] 364 [1.8] 263
                                                                                                                                        281[21700] 
                                                                                                                                       240[33800]
[Ru(Pdto)(DmpbH)](ClO4)2 348[23100] 336[22400]sh 379 [790] 321
269[26500]sh
248[30400]
[Ru(Ppes)(DmpbH)](ClO4)2 · 2H2O · EtOH 351[22000] 317[17500]sh 373 [27] 255
240[31400]sh 
221[49700]sh
[Ru(Pdto)(Ombm)](ClO4)2 · MeOH 448[512]sh 337[6960]sh 286[37400] 380 [0.28] 329
228[39100]sh
[Ru(Ppes)(Ombm)](ClO4)2 · 2.5H2O · 0.5EtOH 341[5700]sh 289[26100] 389 [80] 321
245[23400]sh
227[44200]sh
aObtained at 20-30 °C in acetonitrile
bApproximate quantum yield relative to [Ru(Bipy)3]
2+





Table 3.14: Absorption Spectra of Complexesa (continued)
Complex Absorption Emission Excitation
λ max (nm), [ε] (M
-1 cm-1) λ max (nm), [Qrel]
b λ max (nm)
 dπ→π*diimine dπ→π*thioether                                                                                     π→π*  
[Ru(Pdto)(Mqbi)](ClO4)2 449[4080] 370[18100] 351[17800] 368 [1.2] 332
304[23300]
241[45500]sh
[Ru(Ppes)(Mqbi)](ClO4)2 443[2600]  370[11800] 354[11000] 369 [1.3] 241
309[12100]
248[24900]
[Ru(Ppes)(Bipy)](ClO4)2 394[1790]sh 279[29300] 375 [0.72] 330
226[24500]
[Ru(Pdto)(PnimH)](ClO4)2 434[3100]sh 354[19000] 284[32400] 373 [0.43] 323
250[36900]
[Ru(Ppes)(PnimH)](ClO4)2 420[5000]sh 356[24300] 283[31200] 384 [0.29] 310
244[48600]
[Ru(Pdto)(Pbtz)](ClO4)2 434[3040]  341[13300]sh 303[35800]  377 [0.33] 240
263[59100]sh
257[66600]
[Ru(Ppes)(Pbtz)](ClO4)2 428[4080] 339[14600] 312[19000] 378 [0.44] 310
255[16600]sh
[Ru(Pdto)(Capp)](ClO4)2 371[4600]sh 342[6380] 287[9200] 368 [12] 321
242[14200]
aObtained at 20-30 °C in acetonitrile
bApproximate quantum yield relative to [Ru(Bipy)3]
2+













Scheme 3.3.  Crystal field splitting diagram showing behavior observed in low-spin d6 
Ru(II) absorption spectra. Red arrow: π→π* transitions; blue arrow: d→thioether 
pyridine π* metal to ligand charge transfer (MLCT); grey arrow: d→diimine π* metal to 





the range of 400-550 nm, and are eclipsed by stronger MLCT bands.38  The intense 
π→π* bands are a common feature of Ru(II) polypyridyl complexes, and in the majority 
of cases one or more of the π→π* bands seen in the ligand absorption spectra is also 
present in the complexes and with a similar intensity.  All of the mononuclear complexes 
show MLCT bands in the range of 335-400 nm due to Ru(II)→pyridine(thioether) 
transitions.  Similar MLCT bands are seen in the dinuclear starting complexes and in 
several mononuclear Ru(II)-diimine-thioether systems.30,39  A second set of MLCT bands 
in the range of 390-450 nm are attributed to Ru(II)→(diimine) transitions24, but are not 
found in all of the complexes.  More than likely, these MLCT bands are eclipsed by 
nearby Ru(II)→pyridine(thioether) MLCT bands or may appear as weak shoulder bands.  
The dinuclear [Ru2(Ppes)2(µ-Cl)2](ClO4)2  complex displays the same types of 
bands as the mononuclear systems: two ligand-centered π→π* bands between 250-220 
nm and a single MLCT Ru(II)→py band at 335 nm, an assignment made due to its 
position and intensity40 and in comparison with the Ru(II)→py bands of the [Ru(Pdto)(µ-
Cl)]2(ClO4)2  and [Ru(Bbdo)(µ-Cl)]2(ClO4)2 10complexes.  While d-d transitions are 
possible for dinuclear systems of this type and have been reported10, no d-d bands were 
found for the [Ru(Ppes)(µ-Cl)]2(ClO4)2  complex.  
Figure 3.15a shows the correlation between the absorption energy of the longest 
wavelength MLCT bands of the mononuclear complexes and their E1-E2 potential 
difference, with E1 being the metal-based Ru(III)/(II) oxidation potential and E2 being the 



































Figure 3.15a. Relationship between electronic band energies and redox data. 
MLCT absorption energies vs. potential differences (E1-E2) for complexes in this 
study. The linear regression shows an equation of  hν=0.00722(±0.0011).E + 













           
∆E° = E°298(Ru) – E°298(L)   (15) 
 
The assumption is that the orbitals involved in the absorption process are the same 
orbitals involved in the redox process.(Scheme 3.4)43   In Equation 15, E°298(Ru) and 
E°298(L) represent the E1/2 value of the Ru(III)/(II) oxidation couple and the Ru(II)/(II-L·-) 
reduction couple, respectively.  Based upon Scheme 3.4, as MLCT energy increases, we 
can expect a proportional increase in ∆E°, which we see to a significant extent. The 
reason for any lack of correlation may be that the observed reduction wave may not be of 
the same ligand system represented by the MLCT band, especially in the cases where 
only a single MLCT band is observed in an absorption spectra. The ∆E° values for the 
mononuclear complexes range from 2.1-3.3V and the MLCT energies range from 20,500-
30,000 cm-1.  Compared to the data set provided by McDevitt et al.20 (Figure 3.15b) 
showing the MLCT energy/potential correlation for a series of homo- and heteroleptic 
Ru(II) complexes of diimine chelating ligands, it is safe to say that for the complexes in 
this study, the MLCT energy/potential correlation is quite strong.   
Table 3.14 also shows the emission data for the complexes. Nitrogen-purged 
luminescence spectroscopy was performed in acetonitrile and at ambient temperature for 
the mononuclear and dinuclear complexes.  The first run is a standard run consisting of 
only complex and nitrogen purged acetonitrile, and in the second run the system is doped 
with Ni(II) triflate to react with and quench any excess free ligand.  Ni(II) complexes 














Scheme 3.4. Diagram showing the correlation between MLCT energy  
and ∆E°. Red arrow: the metal-based Ru(III)/(II) oxidation; green arrow: the 


































Figure 3.15b. Relationship between electronic band energies and redox data. 
MLCT absorption energies vs. potential differences (E1-E2) for the complexes in 
references 20 (open squares) and (shaded diamonds). The linear regression shows 










relaxation pathways, for which emission is not often favored.  In every case presented 
below, both runs provided the same data. The mononuclear complexes are luminescent at 
ambient temperature.  With the exception of the Pmi-based complexes, the majority of 
the complexes display emission in the UV range.  The trend amongst the diimine-based 
analogues is that the Ppes-based complex displays emission at slightly longer 
wavelength, usually within 5 to 20 nm of the Pdto-based complex.  Exceptions to this 
trend include the Pmi-, Mpbi- and DmpbH-based complexes, but even then, the degree of 
difference is slight, usually within 3 to 7 nm.  The excitation wavelengths for each of the 
diimine-based pairs falls within 25 nm of each other with several of the  wavelengths 
falling in the π→π* transition bands between 240-290 nm. This suggests that the 
emission for these complexes is ligand-centered, but since individual ligands have their 
own excited states independent of the overall complex, it’s difficult to determine whether 
or not the emission comes from the tetradentate or the diimine ligand, but based upon the 
wavelengths of the resulting emission bands, all falling in the range of 355 to 385 nm, it’s 
safe to say that all of the observed emission originates from the same ligand.  The 
remaining complexes display MLCT-based emission with excitation wavelengths in the 
range of 300-400 nm.  The excitation wavelengths for these complexes lie between 310 
and 335 nm, which suggest that emission observed may be MLCTthioether-based.  The LC 
emission displayed by the [Ru(Ppes)(Pmi)](ClO4)2 (λem = 436 nm, λex = 259 nm) (Figure 
3.16) and [Ru(Pdto)(Pmi)](ClO4)2 (λem = 425 nm, λex = 272 nm) (Figure 3.17) 
complexes are the only sets of visible range emission bands. 
Included in Table 3.14 are quantum yield (Qrel) values for each complex relative 




intensity (λmax(emission) = 600 nm) of a solution of [Ru(Bipy)3]2+  having an absorbance of 
0.075 at its excitation wavelength (λmax(excitation) = 450 nm) with that of the thioether 
diimine complexes held to the same excitation wavelength standard.  Initial tests using 
different concentrations of [Ru(Bipy)3]2+  showed that within a factor of 4, concentration 
and emission intensity are proportional, allowing us to scale the intensity values to ensure 
that the excitation wavelength standard is upheld.  The resulting Qrel values do not appear 
to follow any particular trend, as emission may come from a single aspect of a complex, 
but emission intensity is a property of the complex as a whole. 
 
3.3.6. CD Spectroscopy  
  
 Attempting to recrystallize a racemic complex from solution can lead to three 
distinct possibities: a true racemic complex in which both enantiomers are present in 
equal quantities in the crystal lattice, a conglomerate complex in which the enantiomers 
recrystallize independently leading to a mechanically racemic mixture of chiral crystals, 
and a pseudoracemate, in which recrystallization does not occur, producing a solution of 
both enantiomers.44  
Crystalline complexes of the monoclinic P21 space group, among others, have 
been shown to display spontaneous resolution via conglomerate crystallization. While 
commonly seen in cobalt(III) complexes, the phenomenon of conglomerate 
crystallization has not often been observed in hexacoordinate Ru(II) complexes.  The 








































Figure 3.16:  3D Luminescence spectra for the [Ru(Ppes)(Pmi)](ClO4)2 complex 



















































Figure 3.17:  3D Luminescence spectra for the [Ru(Pdto)(Pmi)](ClO4)2 complex 





 achiral ligands and these complexes are often true racemates as opposed to 
conglomerates.   
Breu et al.45 have demonstrated that [Ru(Bipy)3](PF6)2 , normally a true racemate 
(β-modification), can be converted to a conglomerate (γ-modificiation) prior to 
recrystallization by using a supersaturated solution.  Supersaturation appears to be the 
main methodology for isolating the γ-system since spontaneous resolution only provides 
the β-system.45 Huang and Ogawa reported conglomerate crystallization for the mixed 
ligand systems, [Ru(Phen)(Bipy)2](PF6)2, and proved that conglomerate crystallization is 
both ligand and counterion dependent, having only obtained the true racemate when 4,4’-
dimethyl-Bipy and BF4- were used.46 
Aldrich-Wright et al. reported observing conglomerate crystallization in the 
dipyridyl-diamine complex of [Ru(PicchxnMe2)(dpqC)]2+ (Figure 3.18) yielding both ∆ 














We have observed similar chirality in the [Ru(Pdto)(Dpzp)](ClO4)2 and 
[Ru(Pdto)(Capp)](ClO4)2 complexes and have verified the conglomerate crystallization 
phenomenon with circular dichroism.  
The absorption spectra (A) coupled with the difference in circular polarized 
absorption (∆A) allowed us to observe chirality in the [Ru(Pdto)(Dpzp)](ClO4)2 complex.  
∆A was obtained using the following equation: 
 
∆A =θ/32980      (16)   
 
which is a modification of the molar ellipticity equation: 
 
∆ε =θ/32980cl     (17)   
 
in which ε represents molar absorptivity, c is concentration and l is path length. The θ 
term refers to the ellipticity of the sample and is measured in millidegrees (mdeg).   
Five crystals of [Ru(Pdto)(Dpzp)](ClO4)2 were chosen at random and dissolved in 
acetonitrile separately.  Of the five crystals tested, Kuhn anisotropy (∆A/A) shows an 
overlap of three spectra indicating that three of the crystals share the same chirality.  A 
single spectrum is seen having the same sign as the first three, but having considerably 
less magnitude, indicating that this crystal was possibly a racemic mixture or a true 
racemate.  A final spectrum is seen with opposite sign but comparable magnitude, which 
is representative of the other chirality (Figure 3.19).  The observed chirality is associated 








































Figure 3.19. Absorption (top), CD (center) and Kuhn anisotropy 




 diimine relative to one of the possible arrangements of the tetradentate thioether 
(Scheme 3.5).  It should be noted that while the complexes are chiral, the Dpzp and  Pdto 
ligand components are achiral. The Kuhn anisotropy shows two Cotton effects at 288 and 
254 nm, correlating with two π→π* ligand transition-based absorption bands.  
Additionally, Kuhn anisotropy bands at 420, 373 and 325 nm correlate with MLCT-based 
shoulder bands.  
A similar experiment was performed using a solution of [Ru(Pdto)(Capp)](ClO4)2 
in acetonitrile showing only one enantiomer (Figure 3.20).  We note the possibility of 
two instances of chrality, the first due to the chiral D-camphor based ligand, and the 
second, as seen in the Dpzp-based complex, due to the helicity of the of the tetradentate 
thioether. The Kuhn anisotropy shows a Cotton effect (circular dichroism appearing in 





The dinuclear complexes [Ru2(Pdto)2(µ-Cl)2]2+ and 1 undergo facile symmetrical 
bridge cleavage upon reaction with a bidentate pyridine-based diimine ligands to form 
stable monuclear complexes of the formula [Ru(L1)(L2)]2+ in which L1 and L2 are 
representative of the tetradentate thioether ligand and the bidentate diimine ligand,  
respectively.  Redox chemistry shows a single-electron Ru(II)→Ru(III) oxidative 
response, in the range of E1/2= +1.4 to +1.85 V (vs. SHE), involving the removal of an 




higher than that of their Pdto-based analogues, possibly due to greater π-back bonding 
competition from the Ppes ligand compared to that of Pdto. Absorption and luminescence 
spectroscopy show that, compared to the Pdto-based complexes, both Ru(II)→diimine 
MLCT and emission bands fall at lower energy for the Ppes-based complexes with only a 
few exceptions.   We had hoped to observe strong visible-range emission for our 
complexes, but unfortunately, all but two complexes, both Pmi-based, showed UV-range 
emission only.   The monoclinic space group P21 is frequently chiral and complexes of 
this space group often display spontaneous resolution via conglomerate crystallization. 
Using ECD spectroscopy, we were able to observe this phenomenon in the 







































Scheme 3.5:  Possible enantiomeric pairs for the  











































Figure 3.20. Absorption (top), CD (center) and Kuhn anisotropy 
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Tripodal amines, such as TPA (tris(2-pyridylmethylamine),1 have been used with 
first-row transition metals, such as Fe2,3 and Cu4, as part of metalloenzyme studies with 
increasing focus on second-row transition metal complexes of ruthenium, rhodium and 
rhenium.5  Ru(II) and (III) tripodal amine complexes, especially those of imidazole-based 
ligands, have been studied for their anti-tumor properties6 and, in cases where the ligand 
has π-acceptor groups, have been studied for their luminescence and redox properties.  
But oddly,  there are few ruthenium complexes of the simple tripodal amine, tris(2-
aminoethyl)amine (Tren), with only one Ru(II)-Tren complex7 and two Ru(III)-Tren8 
complexes having been reported previously, the former during our execution of this 
work.  In this study, we have synthesized several new Ru(II) complexes of tris(2-
aminoethyl)amine (Tren) and diethylenetriamine (Dien) using Ru(PPh3)3Cl2, 
[Me4N][Ru(Phen)Cl4] and Ru(DMSO)4Cl2 as starting complexes.  
 
4.2. Experimental Section 
 
4.2.1. Materials 
Reagents (Aldrich) were used as received.  Ru(PPh3)3Cl2  and 
Ru(Phen)(DMSO)2Cl2 were prepared via literature methods.9-11  Acetonitrile used for 




spectra were obtained using a Perkin Elmer Lambda 35 UV-Vis spectrometer and a 
Perkin Elmer LS 55 luminescence spectrometer, respectively.  Electrochemical studies 
were performed on a Bioanalytical Systems BAS-100A electrochemical analyzer and a 
Bioanalytical Systems RDE 2 Rotator using a three-electrode assembly consisting of a 
working electrode, a Pt-mesh auxiliary electrode (3.75 cm2) and an Ag+(0.01 M, 0.1 M 
NEt4ClO4, MeCN)/Ag reference electrode. The working electrode was a Pt wire for 
voltammetry (1 mm diameter, 8.4 mm length) and a Pt disc for rotating disc polarography 
(1.6 mm diameter).  Proton NMR spectra were obtained at room temperature using 
Varian 300 MHz and 500 MHz INOVA spectrometers.  Proton NMR samples were 
analyzed in CDCl3 and DMSO-d6 using TMS as an internal standard.  Elemental 
microanalyses were performed by Robertson-Microlit Laboratories (Madison, NJ) and at 
the National Academy of the Sciences (Kiev, Ukraine).  X-ray crystallography was 
performed at the YSU-S&CIF X-Ray Facility at Youngstown University, OH.  FAB mass 
spectrometry was performed on a VG70SE mass spectrometer using dinitrobenzyl 
alcohol as a matrix. 
 
4.2.2. Preparation of complexes 
 
Synthesis of Ru(III) starting material 
 
[(CH3)4N]Ru(Phen)Cl4  . 0.5EtOH (1) 
 RuCl3 . xH2O (4.4 mmol, 1g) was refluxed in 50 mL of ethanol until the solution 




and tetramethylammonium chloride (22 mmol, 2.41g) in 10 mL of water were added to 
the hot RuCl3 solution and were refluxed for 3 hours.  A red-brown precipitate was 
formed that was washed with cold diethyl ether, yield 85%. 
Anal., calculated for C16H20Cl4N3Ru . 0.5 EtOH . 0.5 H2O: C, 38.6; H, 4.57; N, 
7.94: found: C, 38.8; H, 4.20; N, 7.63 
 
Synthesis of ruthenium(II) complexes 
 
[Ru(Tren)(PPh3)Cl]Cl . 1.5H2O (2) 
Tris-(2-aminoethyl)amine (Tren) (5 mmol, 0.73 g) was dissolved in 40 mL of 
CH2Cl2.  Ru(PPh3)3Cl2 (5 mmol, 4.78 g) was added to the mixture and stirred for 1.5 
hours.  300 mL of hexane was then added to the mixture, yielding a light yellow solid 
that was washed with diethyl ether and dried in vacuo, yield 91%.  ms (FAB): 545 ([M-
Cl]+ , 80%). 1H NMR (DMSO-d6): δ 2.91(d, CH2), 3.07(d, CH2), 7.52(m, phenyl). 
Anal., calculated for C24H33N4Cl2PRu . 1.5 H2O: C, 47.5; H, 5.97; N, 9.22: found: 
C, 47.4; H, 5.90; N, 9.53 
 
[Ru(Tren)(Phen)](ClO4)2 . 2EtOH . 0.5H2O (3) 
Tris-(2-aminoethyl)amine (Tren) (1.3 mmol, 0.19 g) and Ru(Phen)(DMSO)2Cl2 
(1.3 mmol, 0.66 g) were refluxed in 50 mL of ethanol for 2 hours, turning the yellow 
solution deep red. While hot, the solution was filtered and solid NaClO4 was added. The 
solution was evaporated to approximately 10 mL and allowed to cool, forming a dark 




Recrystallized from wet ethanol to yield dark red crystals.  Yield: 30%.  ms (FAB): 525 
([M-ClO4] + , 30%), 423 ([M- 2ClO4]+ , 28%), 1H NMR (DMSO-d6): δ 2.10(m, CH2), 
7.30(t, phen).   
Anal., calculated for C18H26N6Ru(ClO4)2 . 2 EtOH . 0.5 H2O: C, 36.3; H, 5.40; N, 
11.55: found: C, 36.4; H, 5.15; N, 11.02 
 
Ru(Dien)(PPh3)Cl2  . C6H14 (4) 
Bis-(2-aminoethyl)amine (Dien)(5 mmol, 0.52 g) was dissolved in 40 mL of 
CH2Cl2.  Ru(PPh3)Cl2 (5 mmol, 4.78 g) was added to the mixture and stirred for 1.5 
hours.  300 mL of hexane were then added to the mixture, yielding a light orange solid.  
The crude complex was thoroughly washed with EtO2 to remove free PPh3 and 
recrystallized from 1:1 (v/v) CH2Cl2/hexane, yield 70%.  ms (FAB): 501 ([M-Cl]+ , 82%). 
1H NMR (DMSO-d6): δ 2.01(m, CH2), 7.21(m, benzene). 
Anal., calculated for C22H28N3Cl2PRu . C6H14: C, 53.9; H, 6.79; N, 6.74: found: C, 
53.7; H, 7.11; N, 6.75 
 
[Ru(Dien)(Phen)Cl]ClO4 . 0.5EtOH . H2O (5) 
Bis-(2-aminoethyl)amine (Dien) (1 mmol, 0.10 g) in 10ml of EtOH was added to 
[(CH3)4N][Ru(Phen)Cl4] (1 mmol, 0.57 g) dissolved in 50 mL of 2:1 H2O/EtOH.  The 
mixture was refluxed for 4 hours, filtered and precipitated from ether to form a the dark 
red [Ru(Dien)(Phen)Cl]Cl solid that quickly turned black when exposed to air, yield 
71%.  ms (FAB): 415 ([M-Cl]+ , 100%)  To [Ru(Dien)(Phen)Cl]Cl dissolved in a 




solid, [Ru(Dien)(Phen)Cl]ClO4, which was washed with cold ethanol and cold water and 
dried in vacuo.  Yield: 45%.  ms (FAB): 416 ([M-ClO4]+ , 100%). 1H NMR (DMSO-d6): 
δ 3.45(m, CH2), 8.00(m, phen), 8.22(m, phen). 
Anal., calculated for C16H21N5ClRu(ClO4) . 0.5 EtOH . 1 H2O: C, 36.4; H, 4.68; 
N, 12.5: found: C, 36.5; H, 4.93; N, 12.7 
 
[Ru(Dien)(Phen)(PPh3)](ClO4)2  . EtOH (6) 
Ru(Dien)(PPh3)Cl2  (1 mmol, 0.537 g) was refluxed in ethanol (50 mL) along with 
1,10-phenanthroline (1 mmol, 0.18 g) for 6 hrs.  The solution was reduced to approx. 10 
mL, and a saturated aqueous solution of NaClO4 was added to produce an orange solid, 
which was washed with cold ethanol and cold water, dried in vacuo and recrystallized 
from ethanol to yield red crystals, yield 70%.  ms (FAB): 746 ([M-ClO4]+ , 35%). 1H 
NMR (DMSO-d6): δ 2.00(s, NH), 2.77(m, CH2), 7.01(s, 2-pyr), 7.50(d, benzene), 7.92(s, 
benzene), 8.11(d, phen), 8.80(d, phen).  
Anal., calculated for C34H36N5PRu(ClO4)2 . EtOH: C, 48.5; H, 4.75; N, 7.85: 
found: C, 48.5; H, 4.45; N, 7.57 
 
[Ru(Dien)(PPh3)2Cl]Cl . 1.5H2O (7) 
Our attempt to make Ru(Dien)2Cl2, through the addition of Dien to 
Ru(Dien)(PPh3)Cl2  in dichloromethane, failed, instead yielding [Ru(Dien)(PPh3)2Cl]Cl.  
Bis-(2-aminoethyl)-amine (Dien)(12 mmol, 1.24 g) was dissolved in 50 mL of CH2Cl2.  
Ru(PPh3)Cl2 (5 mmol, 4.78 g) was added to the mixture and stirred for 1.5 hours.  300 




to obtain the complex in greater yield by refluxing 4 in methanol for 3 hours, allowing 
the solution to cool, and collecting the recrystallized complex after several days. 
Recrystallized from MeOH to yield [Ru(Dien)(PPh3)2Cl]Cl . 1.5 H2O, yield: 60%. ms 
(FAB): 465 ([Ru(Dien)(PPh3)]+, 57%), 502 ([([Ru(Dien)(PPh3)Cl]+ , 27%), 547 
([Ru(Dien)(PPh3)Cl]Cl, 5%), 729 ([Ru(Dien)(PPh3)2]+, 7%), 764([Ru(Dien)(PPh3)2]Cl+, 
12%). 1H NMR (DMSO-d6): δ 2.88(m, CH2), 7.33(m, phenyl). 
Anal., calculated for C40H42N3Cl2P2Ru . 1.5 H2O: C, 58.2; H, 5.49 N, 5.09: found: 
C, 58.4; H, 5.31; N, 4.88 
 
4.3. Results and Discussion 
 
Synthesis of Ru(III) complexes 
Our intent was to synthesize [(CH3)4N]2[Ru(Phen)Cl4], but we instead produced 
the Ru(III) [(CH3)4N][Ru(Phen)Cl4]  (1). RuCl3. xH2O was refluxed in EtOH until the 
red-brown solution turned green.  At that point an equimolar amount of Phen in EtOH 
and a six-fold amount of [(CH3)4N]Cl in H2O were added simultaneously.  Within 
minutes, the solution became brown and soon after began to bump due to the production 
of solid [(CH3)4N][Ru(Phen)Cl4]  (1).  The solution was allowed to cool and the red 
brown solid was collected and washed with cold diethyl ether. 
 
Synthesis of Ru(II) mononuclear complexes   
[Ru(Tren)(PPh3)Cl]Cl  (2) and Ru(Dien)(PPh3)Cl2  (4) were prepared via the 




Ru(PPh3)3Cl2 dissolves in dichloromethane almost immediately, and the addition of Tren 
or Dien changes the color of the mixture from dark brown to light brown.  The reaction is 
completed within twenty minutes, and the addition of hexanes yields the final complexes.  
The addition of an equimolar amount of Dien to Ru(Dien)(PPh3)Cl2  (4) did not form 
[Ru(Dien)2]Cl2,  but instead led to the formation of the [Ru(Dien)(PPh3)2Cl]Cl  (7) 
complex.   We also obtained the [Ru(Dien)(PPh3)2Cl]Cl  (7) complex while attempting to 
recrystallize the Ru(Dien)(PPh3)Cl2  complex from methanol, with Ru(Dien)(PPh3)Cl2  
undergoing rearrangement in solution and replacing the coordinated chloride with a 
triphenylphosphine. We have discovered that the final coordinated PPh3 is extremely 
difficult to liberate and often cannot be done. 
 In order to synthesize [Ru(Tren)(Phen)](ClO4)2 (3), Ru(Phen)(DMSO)2Cl2 was 
prepared via the reaction of equimolar amounts of Ru(DMSO)4Cl2 and Phen in toluene.  
Refluxing for two hours leads to the formation of a yellow-brown solid.  The solid was 
washed twice with ether and refluxed in 30 mL of EtOH with an equimolar amount of 
Tren for 18 hours. The solution changed from brown to red-brown.  While hot, the 
solution was filtered and solid NaClO4 was added.  The solution was evaporated to 10 
mL and allowed to cool, forming the the dark brown solid [Ru(Tren)(Phen)](ClO4)2 (3).  
[Ru(Dien)(Phen)Cl]ClO4  (5) was produced by refluxing equimolar amounts of 
Dien and[(CH3)4N][Ru(Phen)Cl4] in ethanol and precipitating the complex with diethyl 
ether to yield an orange solid, [Ru(Dien)(Phen)Cl]Cl  .  The chloride salt is hygroscopic, 
turning into a black gum upon exposure to air.  The complex was dissolved in a minimal 
amount of ethanol and a saturated aqueous solution of NaClO4 was added, forming the 




[Ru(Dien)(Phen)(PPh3)](ClO4)2  (6) was prepared by refluxing Ru(Dien)(PPh3)Cl2  
(4) with an equimolar amount of Phen in ethanol.  As mentioned earlier, the final 
coordinated PPh3 is not easily liberated, which causes the Phen to liberate the two 
coordinated chlorides only, leaving the triphenylphosphine coordinated. The final 
complex is precipitated as the perchlorate salt via the addition of an aqueous solution of 
NaClO4. 
 
4.3.1. X-ray Data Collection 
 
Single-crystal XRD data of the [Ru(Dien)(Phen)(PPh3)](ClO4)2 complex were 
collected on a Bruker AXS SMART APEX CCD diffractometer at 100(2) K using 
monochromatic Mo Kα radiation with the omega scan technique. The unit cells were 
determined using SAINT+12, and the data were corrected for absorption using SADABS 
in SAINT+. The structures were solved by direct methods and refined by full-matrix least 
squares against F2 with all reflections using SHELXTL.13 Refinement of extinction 
coefficients was found to be insignificant. All non-H atoms were refined anisotropically. 
All ORTEPs  were produced with Mercury 1.4.2,  from The Cambridge Crystallographic 
Data Centre of Cambridge University. 
 
4.3.2. Description of Structures 
 
 An ORTEP view of the [Ru(Dien)(Phen)(PPh3)](ClO4)2, [Ru(Dien)(PPh3)2Cl] and 




with atom numbering scheme.  Selected bond lengths and angles are shown in Tables 
4.1, 4.2 and 4.3. Crystallographic data are shown in Table 4.4.   
 
Structure of [Ru(Dien)(Phen)(PPh3)](ClO4)2 complex 
 
The ORTEP view is given in Figure 4.1 and selected bond lengths and angles are 
given in Table 4.1.  The complex consists of a molecular [Ru(Dien)(Phen)(PPh3)]2+ 
dication and two perchlorate anions. The X-ray structure shows pseudo-octahedral N5P  
coordination with Ru(II) bound to three Dien nitrogen atoms, two Phen nitrogen atoms 
and one PPh3 phosphorus atom.  The Dien ligand is bound meridianally to the Ru(II) 
nucleus, with the central Ru-N(Dien) bond (2.0985Å) being shorter than the outer two, 
(2.1464Å, 2.1262Å) and the two Dien-Ru bond angles (N(2)-Ru(1)-N(3): 82.55°, N(2)-
Ru(1)-N(1): 80.32°) being nearly identical and constrained by the ethyl groups (C1-C2, 
C3-C4).  The N5-Ru1 Ru-N(Phen) bond (2.0874Å) is the shortest of both Ru-N(Phen) 
bonds and is bound trans to the central bond of the Dien ligand, whereas the other Ru-
N(Phen) bond trans to the Ru-P(PPh3) bond is longer. 
 
Structure of [Ru(Dien)(PPh3)2Cl]Cl complex 
 
The ORTEP view is given in Figure 4.2 and selected bond lengths and angles are 
given in Table 4.2.  The complex consists of a molecular [Ru(Dien)(PPh3)2Cl]+ cation 
and a chloride anion. The X-ray structure shows pseudo-octahedral N3P2Cl coordination 

































Figure 4.1. ORTEP drawing of the [Ru(Dien)(Phen)(PPh3)]2+ cation showing 
the atom numbering scheme and the thermal motion ellipsoids (50% 





Table 4.1. Selected bond lengths (Å) and angles (°) for [Ru(Dien)(Phen)(PPh3)](ClO4)2 . 




N(1)-Ru(1)            2.1464(19)  N(4)-Ru(1)            2.1707(19)   
N(2)-Ru(1)            2.0985(19)  N(5)-Ru(1)            2.0874(18)   
N(3)-Ru(1)            2.1262(19)  P(3)-Ru(1)            2.2957(6)    
       
 
Bond Angles: 
N(5)-Ru(1)-N(2)          172.02(7)   N(5)-Ru(1)-P(3)      95.20(5)   
N(2)-Ru(1)-N(3) 82.55(7)  N(2)-Ru(1)-P(3)   90.64(6)   
N(5)-Ru(1)-N(1) 104.80(7)  N(3)-Ru(1)-P(3) 97.47(6)    
N(2)-Ru(1)-N(1) 80.32(8)   N(1)-Ru(1)-P(3) 92.42(6)    
N(3)-Ru(1)-N(1) 160.29(8)  N(4)-Ru(1)-P(3) 173.22(5)   
N(5)-Ru(1)-N(4) 78.23(7)   C(17)-P(3)-C(5) 101.46(10)   
N(2)-Ru(1)-N(4) 96.06(7)   C(17)-P(3)-C(11) 102.05(11)   
N(3)-Ru(1)-N(4) 84.44(7)  C(5)-P(3)-C(11)  102.95(10)   


































Figure 4.2. ORTEP drawing of the [Ru(Dien)(PPh3)2Cl] + cation showing 
the atom numbering scheme and the thermal motion ellipsoids (50% 





Table 4.2. Selected bond lengths (Å) and angles (°) for [Ru(Dien)(PPh3)2Cl]Cl . 5H2O.    
The value in parentheses represents the standard deviation in the last significant figure. 
 
Bond Lengths: 
N(1)-Ru(1)            2.125(7) Cl(1)-Ru(1)            2.4210(19)   
N(2)-Ru(1)            2.183(6)  P(1)-Ru(1)            2.329(2)   
N(3)-Ru(1)            2.195(6)  P(2)-Ru(1)            2.336(2)   
       
 
Bond Angles: 
N(1)-Ru(1)-N(2)          79.3(3)  N(3)-Ru(1)- P(2) 93.00(18)   
N(1)-Ru(1)-N(3) 89.7(3)  P(1)-Ru(1)-P(2)      98.52(7)   
N(2)-Ru(1)-N(3) 77.5(2)  N(1)-Ru(1)-Cl(1)   166.6(2)   
N(1)-Ru(1)-P(1) 93.84(19)   N(2)-Ru(1)-Cl(1) 88.81(18)   
N(2)-Ru(1)-P(1) 91.38(18)  N(3)-Ru(1)-Cl(1) 81.5(2)   
N(3)-Ru(1)-P(1) 167.55(19)  P(1)-Ru(1)-Cl(1) 92.74(7)   
N(1)-Ru(1)-P(2) 95.82(19)  P(2)-Ru(1)-Cl(1) 94.79(7)   
N(2)-Ru(1)- P(2) 169.28(18)      




chlorine atom.  Dien is bound facially to the Ru(II) nucleus with an N(1)-Ru(1)-N(3) 
bond angle of 89.68°.  The flanking Ru-N(Dien) bond, (N(1)-Ru(1): 2.125 Å), trans to 
the Ru-Cl bond is shorter than both the central Ru-N(Dien) (N(2)-Ru(1): 2.182 Å) bond 
and the flanking Ru-N(Dien) bond trans to the Ru(1)-P(1) PPh3 bond (N(3)-Ru(1): 2.195 
Å).  The Ru-P(PPh3) bonds are nearly equivalent (Ru(1)-P(2): 2.336 Å , Ru(1)-P(1): 
2.329 Å ) and are separated by 98.52°.  The Ru(1)-Cl(1) bond length of 2.421 Å is the 
longest of the Ru-based bonds. 
 
Structure of [Ru(Tren)(Phen)](ClO4)2 complex 
 
The ORTEP view is given in Figure 4.3 and selected bond lengths and angles are 
given in Table 4.3.  The complex consists of a molecular [Ru(Tren)(Phen)]2+  cation and 
two perchlorate anions.  The X-ray structure shows pseudo-octahedral N6 coordination 
with Ru(II) bound to four Tren nitrogen atoms and two Phen nitrogen atoms.  The Ru-
N(Tren) bond length (Ru(1)-N(6): 2.329Å) for the central Tren nitrogen is the shortest 
of the Ru-N(Tren) bonds.  Two of the flanking Ru-N(Tren) bonds (Ru(1)-N(5): 2.122 
Å,  Ru(1)-N(5): 2.122 Å) are equivalent and the remaining flanking Ru-N(Tren) 
bond (Ru(1)-N(3)) is the longest at 2.136 Å.  The Ru-N(Phen) bonds, Ru(1)-N(1) and 
Ru(1)-N(2), are nearly equivalent at 2.096 Å and 2.040 Å, respectively, with the shorter 




































Figure 4.3. ORTEP drawing of the [Ru(Tren)(Phen)]2+ cation showing 
the atom numbering scheme and the thermal motion ellipsoids (50% 





Table 4.3. Selected bond lengths (Å) and angles (°) for [Ru(Tren)(Phen)](ClO4)2.  The 
value in parentheses represents the standard deviation in the last significant figure. 
 
Bond Lengths: 
N(1)-Ru(1)            2.096(3) N(4)-Ru(1)            2.122(4)   
N(2)-Ru(1)            2.040(3)  N(5)-Ru(1)            2.122(4)   
N(3)-Ru(1)            2.136(4)  N(6)-Ru(1)            2.096(3)   
       
 
Bond Angles: 
N(1)-Ru(1)-N(2)          78.67(15)  N(2)-Ru(1)- N(6) 177.13(16)   
N(1)-Ru(1)-N(3) 88.20(14)  N(3)-Ru(1)-N(4)      163.95(14)   
N(1)-Ru(1)-N(4) 80.19(16)  N(3)-Ru(1)-N(5)   39.30(17)   
N(1)-Ru(1)-N(5) 174.82(15)   N(3)-Ru(1)-N(6) 82.47(14)   
N(1)-Ru(1)-N(6) 103.81(15)  N(4)-Ru(1)-N(5) 91.69(17)   
N(2)-Ru(1)-N(3) 98.72(14)  N(4)-Ru(1)-N(6) 83.22(14)   
N(2)-Ru(1)-N(4) 95.90(14)  N(5)-Ru(1)-N(6) 81.31(17)   
N(2)-Ru(1)- N(5) 96.19(17)      




























































































































































































































































































































































































































































































Rotating disk (RDE) polarography and cyclic voltammetry were used to 
investigate the redox behavior of the mononuclear complexes. The parameters for 
reversibility are based on the peak potential (∆Ep0) values in Table 4.5, with a value 
within 10 mV (based upon standard deviation) above or below the Nernstian value of 59 
mV considered reversible, and all other processes being either quasireversible or 
irreversible dependent upon the appearance of the voltammogram. An anodic scan of the 
PPh3-based [Ru(Dien)(PPh3)Cl2 (4) complex shows a single quasireversible +806 mV. 
[Ru(Dien)(Phen)(PPh3)](ClO4)2 (6), shows a single irreversible oxidative response at 
+820 mV (Figure 4.4), indicative of the Ru(II)/(III) oxidation couple.14,15 
An interesting system is that of [Ru(Dien)(PPh3)2Cl]Cl (7) (Figure 4.5) which 
displays three oxidative responses.  [Ru(Dien)(PPh3)2Cl]Cl (7) shows an irreversible 
response at +508 mV and a quasireversible response at +602 mV, both of which fall in 
the range expected for the Ru(II)/(III) oxidative couple. The third response is irreversible, 
and at +1278 mV, can be assigned to the Ru(III)/(IV) couple.16-18  The Ru(II)/(III) 
oxidative responses are close in proximity and are most likely representative of the 
individual oxidations of the cis and trans isomers of [Ru(Dien)(PPh3)2Cl]Cl (7).19  
There have been several accounts of cis and trans Ru(II) complexes yielding different 
oxidative E1/2 values, and cis/trans isomerism in Ru(II) triphenylphosphine complexes 
leading to multiple oxidative responses in the same voltammogram.20-22 Scheme 4.1 
shows the possible geometric isomers for a Tren and Dien-based Ru(II) system also 
taking in to account the position of the coordinated chloride and triphenylphosphine.  
Each example is based on the position of the central amine nitrogen 
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Table 4.5: Redox Properties of Complexes in CH3CN
a
Complex E1/2 DEp
0 Typeb E1/2 DEp
0 Typeb 108DDe
(mV) (mV) (mV) (mV) (g cm/sec2)
3+/2+ 2+/L-
[Ru(Tren)(PPh3)Cl]Cl · 1.5H2O +299 254(8) Irr. -1795* Irr. 2.4
+939 57(28) Qre.
[Ru(Tren)(Phen)](ClO4)2 · 2EtOH · 0.5H2O +246 62(6) Rev. -922c Irr. 2.0
Ru(Dien)(PPh3)Cl2 · C6H14 +806 95(3) Qre. -1579* Irr. 1.5
[Ru(Dien)(Phen)Cl]ClO4 · 0.5EtOH · H2O +477 131(4) Qre. -1480
c Irr. 3.3d
[Ru(Dien)(Phen)(PPh3)](ClO4)2  · EtOH +820
c Irr. -1750* Irr. 2.0d




0 Typeb E1/2 DEp
0 Typeb E1/2 DEp
0 Typeb 108DDc
(mV) (mV) (mV) (mV) (mV) (mV) (g cm/sec2)
4+/3+ 3+/2+ 2+/L-
[(CH3)4N][Ru(Phen)Cl4] · 0.5EtOH  +612 50(3) Rev. -414
c Irr. -928* Irr. 1.0
a: Vs. Ag+(0.01 M, 0.1 M-NEt4ClO4, MeCN)/Ag electrode (APE)
b: Rev.=Reversible, Irr.=Irreversible, Qre.=Quasireversible
c: E1/2 obtained from RDE polarogram
d: DD obtained from RDE polarogram from application of the Levich equation for 1-electron anodic system
e: D(0.1M NBu4PF6, MeCN): 0.0037 g/sec
*: Epc or Epa at 200 mV/s for irreversible scans








































Figure 4.4.  RDE polarogram of the [Ru(Dien)(Phen)(PPh3)](ClO4)2 complex at 2000 














































Figure 4.5. Cyclic voltammogram (anodic scan) of [Ru(Dien)(PPh3)2Cl]Cl vs. APE in 




























































































relative to the PPh3 ligand (“P” term). The mer and fac terms refer to how Dien is bound 
to metal nucleus (meridianally or facially) and the “c” and “t” terms stand for cis and 
trans, respectively. For example, the mer-c-Dien-P term denotes a meridianally bound 
Dien ligand in which the central nitrogen is bound cis to the PPh3 ligand. Other Ru(II)-
PPh3 systems have shown that in acetonitrile medium, acetonitrile will occupy the 
coordination site abandoned by the PPh3 (Scheme 4.2).  The voltammogram of the 
resulting system should contain an oxidative response of the new acetonitrile based 









Scheme 4.2. Proposed reaction scheme for the formation of Ru(II)-CH3CN 
complexes via the oxidation of PPh3. 
 
 
[Ru(Tren)(PPh3)Cl]Cl (2) displays an irreversible oxidative wave at +299 mV and 
a quasireversible wave at +939 mV.  As seen in the [Ru(Dien)(PPh3)2Cl]Cl complex, 
multiple oxidative waves may be indicative of geometric isomerism (Scheme 4.1) or the 
presence of the Ru(IV)/(III) oxidative couple.   [Ru(Tren)(Phen)](ClO4)2 (3) showed a 
single reversible oxidative response at +245 mV with a ∆Ep of +63 mV, and 
[Ru(Dien)(Phen)Cl]ClO4 (6) showed an irreversible response at +848 mV.  
[(CH3)4N][Ru(Phen)Cl4] (1) has a reversible response (∆Ep = 50 mV) at +614 mV 


















































Figure 4.6. Cyclic voltammogram (anodic scan) of [(CH3)4N][Ru(Phen)Cl4] of 
the Ru(IV)/(III) oxidative couple vs. APE in MeCN/NBu4PF6 at multiple 




Table 4.6. Lever parameters (EL) for ligands in this study







a Values taken from Lever, A. P. B., Inorg. Chem
1990, 29, 1271-1285
b Calculated as EL of ethylenediamine
c Calculated as average of individual Dien values from
each Dien-based complex in this study
d Calculated as average of individual Tren values from
each Tren-based complex in this study
A cathodic scan shows reversible, irreversible and quasireversible reductive 
responses for [(CH3)4N][Ru(Phen)Cl4]  (1), [Ru(Tren)(PPh3)Cl]Cl (2) and 
[Ru(Tren)(Phen)](ClO4)2 (3), Ru(Dien)(PPh3)Cl2 (4), [Ru(Dien)(Phen)Cl]ClO4 (5) and  
 [Ru(Dien)(PPh3)2Cl]Cl (7) indicative of the Ru(II)/(III) couple for 1 and the reduction of  
Phen or PPh3 to its anion radical for the other complexes. 
The Lever equation24, 
 
Eobs(Ru(III)/Ru(II)) = 2n × 0.255 + (6-2n)EL(L)      (1) 
 
is based on the [Ru(bpy)nL6−2n]m+ template, where n = 0-3,  and Eobs is the experimentally 
found E1/2 value of the Ru(II)/(III) oxidative response.  The electrochemical parameters 
(EL) for 1,10-phenathroline, triphenylphosphine and chloride ion24 have been used to 













The E1/2 values (vs. SHE & APE) of the complexes calculated from these ELvalues are 
reported as the sums of the individual ligand EL values (Table 4.7).    The first set of EL 
values of +0.06 V (vs. NHE) for Tren and Dien are based on the EL of ethylenediamine 
and the ELexamples of bipyridine and terpyridine as averages of multiple pyridines.25  
The second Tren and Dien EL values of +0.19 V and +0.28 V(vs. NHE), respectively, are 
calculated by solving for, and then averaging, the individual Tren and Dien values of the 
complexes of this study using the pre-established EL for Phen, PPh3 and chloride anion 
(Table 4.6).  
Table 4.7 shows the calculated E1/2 values for the complexes in this study as a 
result of using the earlier mentioned EL values.  We also report the values for the Tren 
and Dien EL values for the individual complexes. We find that the calculated E1/2 values 
vary greatly from the observed values for most of the complexes, with the Cl- EL value 
causing a dramatic shift towards more negative oxidation potentials.   
Upon comparison of the individual Tren EL values, the value of +0.068 V we 
obtained from the [Ru(Tren)(Phen)](ClO4)2 (3) best matches the +0.06 V value of 
ethylenediamine.  What distinguishes [Ru(Tren)(Phen)](ClO4)2 (3) from 
[Ru(Tren)(PPh3)Cl]Cl (2) is the presence of the Phen ligand in 3, which allows for only a 
single [Ru(Tren)(Phen)]2+ geometric isomer. We see two distinctly different Tren EL 
values for the [Ru(Tren)(PPh3)Cl]Cl (2) complex (+0.17 V and +0.33 V).  While we are 
aware of the possibility of two Tren-based geometric isomers, we are not sure of which 
isomer is represented by which band, or why both [Ru(Tren)(PPh3)Cl]Cl Tren EL values 
are so far removed from the [Ru(Tren)(Phen)](ClO4)2 based value of 0.068 V. 
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The six Dien EL values can be paired into three groups, which may be 
representative of three of the four geometric isomers presented in Scheme 4.1.  The 
[Ru(Dien)(Phen)(PPh3)](ClO4)2 complex, which we isolated as the mer-c-Dien-P  isomer, 
has a Dien EL value +0.15 V, only 0.02 V less than that seen for the 
[Ru(Dien)(PPh3)2Cl]Cl (7) complex associated with the irreversible wave at +508 mV.  
The remaining two [Ru(Dien)(PPh3)2Cl]Cl-based Dien EL parameters (+0.20 V and +0.43 
V) seem to correlate with the [Ru(Dien)(Phen)Cl]ClO4 (5) and Ru(Dien)(PPh3)Cl2 (4) 
Dien EL parameters of +0.25 V and +0.48 V, respectively, suggesting that complexes 4, 5 
and 6 may be of different geometric isomerism and reinforcing our earlier claim that the 
three oxidative waves seen in the [Ru(Dien)(PPh3)2Cl]Cl voltammogram are indicative of 
three different Dien-based geometric isomers.  
 
4.3.4. Electronic Spectral Properties 
 
 Table 4.8 shows the electronic absorption data for all of the complexes in this 
study, and Scheme 4.3 is a crystal field splitting diagram describing the types of bands 
seen in the absorption spectra.  Octahedral d6 hexachloro-complexes, such as RhCl63- and 
IrCl63-, show two bands in the UV range that can be attributed to either pπ(Cl)→d or 
pσ(Cl)→d ligand-to-metal charge transfer (LMCT), with the higher energy  
band being the pσ(Cl)→dπ LMCT band.26  The Cl-coordinated [Ru(Tren)(PPh3)Cl]Cl 
(2), Ru(Dien)(PPh3)Cl2 (4) and [Ru(Dien)(PPh3)2Cl]Cl (7) complexes have a strong band 
(ε =24000-35000 M-1cm-1) in the range of 220-230 nm, which is likely due to 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Scheme 4.3.  Crystal field splitting diagram showing behavior observed in low-spin d6 
Ru(II) absorption spectra. Red arrow: d-d transitions; green arrow: p(σ)→ d ligand to 
metal charge transfer (LMCT); blue arrow: p(π)→ d ligand-to-metal charge transfer 




 [Ru(Dien)(PPh3)2Cl]Cl (7) shows an additional band at 275 nm, the π→π* transition of 
the second PPh3 ligand. Complexes 2, 4 and 7 also have a shoulder band in the range of 
325-300 nm indicative of Ru(II) → PPh3 metal-to-ligand charge transfer (MLCT), and 4 
and 7 have a band in the visible range, 473 (ε = 110 M-1cm-1)  and 402 (ε = 210 M-1cm-1) 
respectively, which appear to be t2g6 (A1g)→t2g5eg1(1T1g, 1T2g) d-d transitions.   
[Ru(Tren)(PPh3)Cl]Cl (2) has two additional bands in the UV range, 354 (ε = 570 
M-1cm-1)  and 384 (ε = 830 M-1cm-1), which are comparable in molar absorptivity to the 
Ru(II) → PPh3 MLCT band seen at 326 nm.  These bands are likely additional Ru(II) → 
PPh3 MLCT transitions as they have molar absorptivity values too large to be d-d 
transitions, and are at too low an energy to be PPh3 π→π* transitions. 
The [(CH3)4N][Ru(Phen)Cl4]  (1), [Ru(Tren)(Phen)](ClO4)2  (3), 
[Ru(Dien)(Phen)Cl]Cl  (5), and [Ru(Dien)(Phen)(PPh3)](ClO4)2  (6) complexes all show 
strong bands (ε = 13700-42600 M-1cm-1)  at around 225 and 265 nm and a weaker 
shoulder band (ε = 13700-42600 M-1cm-1) in the 275-285 nm range indicative of phen 
π→π* transitions. The π→π* bands of the Phen free ligand are very intense and likely 
eclipse both the 260 nm PPh3 π→π* band expected for complex 5 and the 
pσ(Cl)→dπ LMCT band expected for complex 1. The [Ru(Dien)(Phen)(PPh3)](ClO4)2 (6) 
complex is somewhat anomalous in that the ε of its  highest energy Phen π→π* band is 
quite large (ε = 42600 M-1cm-1) in comparsion of that of the other Phen-containing 
complexes and in that it has no shoulder band around 280nm.  It is likely that the band at 
280 nm is obscured by the broad Phen π→π* band at 263 nm.   
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[(CH3)4N][Ru(Phen)Cl4]  (1) and [Ru(Dien)(Phen)Cl]Cl  (5) both show a band 
around 311 nm and a band around 385 nm.  As these are the only complexes to have 
these bands, and the only two Phen-based complexes with Cl-cordination, it is safe to 
assume that the presence of these bands must be related to their Cl-content. The higher 
energy bands look to be Phen π→π* bands as the Phen free-ligand has a slight band at 
this wavelength, and lower energy bands could be Ru(II) → Phen MLCT or LMCT 
transitions because of the magnitude of the molar absorptivity values. 
Complexes  3, 5, and 6 show bands in the 400-500 nm range indicative of Ru(II) 
→ Phen MLCT transitions. [Ru(Dien)(Phen)(PPh3)](ClO4)2  (6) has a slight shoulder 
band at 490 nm, which is comparable to the Ru(II) → Phen MLCT of 
Ru(Dien)(Phen)Cl]Cl (5) at 493 nm, but with a considerably smaller ε value (ε = 460 M-
1cm-1).  This band fits the scheme of a spin allowed, Laporte forbidden d-d transition that 
may have stolen intensity from the MLCT band at 410 nm.26 [Ru(Tren)(Phen)](ClO4)2  
(3) (Figure 4.7) has a band at 612 nm which is not seen in the other Phen-based 
complexes.  It is likely that this band is a d-d transition due to its low energy and small 
molar absorptivity (ε = 400 M-1cm-1) compared to that of the Ru(II) → Phen MLCT band 
at 468 nm.  The bands at 483nm and 383 nm seen in [(CH3)4N][Ru(Phen)Cl4]  (1) can be 
attributed to Phen→ Ru(II) LMCT.   
Figure 4.8 shows the correlation between the absorption energy of the longest 
wavelength MLCT bands of the mononuclear complexes and their E1-E2 potential 































Figure 4.7.  Absorption spectra of [Ru(Tren)(Phen)](ClO4)2. Top: scan showing π→π* 
transitions and MLCT bands; Bottom: scan at longer wavelength showing d-d transition  






































Figure 4.8. Relationship between electronic band energies and redox data. MLCT 
absorption energies vs. potential differences (E1-E2) for complexes in this study. 
The linear trendline shows an equation of  hν=0.000646(3).E+1.75(±0.63) eV 





















ligand based Ru(II)/(II-L-) reduction potential.27-29  This correlation is based on the 
following equation: 
                                  ∆E° =E°298(Ru) - E°298(L)  (2) 
 
The presumption is that the orbitals involved in the absorption process are the 
same orbitals involved in the redox process.30   In Equation 2, E°298(Ru) and E°298(L) 
represent the E1/2 value of the Ru(II)/Ru(III) oxidation couple and the Ru(II)/(L-) 
reduction couple, respectively.  The ∆E° values for the mononuclear complexes range 
from 1.2-2.8 V and the MLCT energies range from 15,000 to 25,000 cm-1.  The MLCT 
energy/potential correlation is quite weak and, in this case, appears to be non-existant.  
The reason for the lack of correlation may be that the ligand anion radical represented by 
the E2 reduction potential may not be ligand involved in the metal-to-ligand charge 
transfer.  This is a definite possibility when dealing with complexes with more than one 
π-acceptor ligand. 
Table 4.8 also shows the emission data for the complexes. Nitrogen-purged 
luminescence spectroscopy was performed in acetonitrile at ambient temperature.  Two 
separate runs of each complex were carried out.  The first run is a standard run consisting 
of only complex and nitrogen-purged acetonitrile, and in the second run, the system is 
doped with an excess of Ni(II) triflate to get rid of any excess free ligand.  Ni(II) 
complexes normally are not luminescent due to multiple excited singlet and triplet state 
relaxation pathways of which emission is not often favored.  In every case presented 
below, both runs provided the same data.  
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As with the majority of complexes in Chapter 3, our luminescence falls in the UV 
range.  [(CH3)4N][Ru(Phen)Cl4]  (1) and [Ru(Dien)(Phen)(PPh3)](ClO4)2  (6) show 
emission around 365 nm when excited in the range of 250 to 260 nm, indicative of LC 
Phen-based emission, and [RuTren(PPh3)Cl]Cl (2) shows what appears to be LC PPh3-
based emission at 377 nm.  MLCT-based emission is observed for 
[Ru(Tren)(Phen)](ClO4)2  (3) (Figure 4.9), Ru(Dien)(PPh3)Cl2  (4), 
[Ru(Dien)(Phen)Cl]ClO4  (5) and [Ru(Dien)(PPh3)2Cl]Cl  (7), with emission near 375 nm 
stemming from excitation over the range of 315-335 nm.  
Included in Table 4.8 are quantum yield (Qrel) values for each complex relative to 
the [Ru(Bipy)3]2+ complex.  This study was carried out by comparing the emission 
intensity (λmax(emission) = 600 nm) of a solution of [Ru(Bipy)3]2+  having an absorbance of 
0.075 at its excitation wavelength (λmax(excitation) = 450 nm) with that of the complexes of 
this study held to the same excitation wavelength standard.  As seen with the complexes 
in Chapter 3, the resulting Qrel values do not appear to follow any particular trend, as 
emission may come from a single aspect of a complex, but emission intensity is a  




Several new Ru(II) complexes of tris(2-aminoethyl)amine (Tren) and 
diethylenetriamine (Dien) have been prepared using Ru(PPh3)3Cl2 and 
(Me4N)2[Ru(Phen)Cl4] as starting complexes. The reaction of Tren or Dien with 
Ru(PPh3)3Cl2 leads to the formation of either the [Ru(Tren)(PPh3)Cl]Cl or the 
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[Ru(Dien)(PPh3)Cl2] complex, of which the latter then reacts further with a heterocyclic 
diimine (N–N) ligand to yield [Ru(Dien)(PPh3)(N–N)]Cl2.  Addition of Tren or Dien to 
solutions of the (Me4N)2[Ru(Phen)Cl4]  complex replaces the coordinated chlorides with 
the N-donor ligand, forming [Ru(Tren)Phen](ClO4)2 and [Ru(Dien)(Phen)Cl]Cl 
respectively. The complexes show strong luminescence in the UV range and redox 









































Figure 4.9.  3-D topographical-view luminescence spectra of [Ru(Tren)(Phen)](ClO4)2.  
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In the last 10 years, two attempts have been made to synthesize stable 
heptacoordinate Ru(II) complexes, despite Ru(II)’s affinity for being hexacoordinate.1  
Ghosh et al.2 synthesized several Ru(II) dihalide complexes using the pentadentate 
thiosemicarbazone-based ligand, 2,6-diacetylpyridinebis(4-(p-tolyl)thiosemicarbazone) 
(Figure 5.1), supporting the proposal of heptacoordination in the complexes via 
elemental analysis. The rationale for the formation of the heptacoordinate Ru(II) system 
was that that π-electron delocalization in the ligand allows the ligand to act as a planar 
system.  The ligand, in turn, would be bound equatorially to the metal nucleus, forcing 




Figure 5.1. 2,6-diacetylpyridinebis(4-(p-tolyl)thiosemicarbazone) 
 
Palaniandavar et al.3claim to have synthesized the heptacoordinate 
[Ru(Pdto)(Terpy)]2+ and [Ru(Bbdo)(Terpy)]2+ complexes (Bbdo = 1,8-bis(2’-
benzimidazolyl)-3,6-dithiaoctane, Terpy = 2, 2’:6, 2”-terpyridine) based completely on 
Terpy-based NMR spectroscopy. They report three aromatic-based magnetic 




equivalent thioether-based pyridines, one for the central Terpy pyridine, and one for the 
two equivalent flanking Terpy pyridines, and indicate that a non-heptacoordinate system 
would yield additional aromatic-based magnetic environments, which were not observed. 
But without a crystal structure, the authors were forced to admit that they could not 
confirm their claim.3 
As part of our work, we repeated the experiments of Palaniandavar and Ghosh 
using dinuclear [Ru(Pdtn)(µ-Cl)]2(ClO4)2  and the Terpy analogue Me2Bzimpy, as well as 
the pentadentate Pttu ligand. Instead of producing heptacoordinate Ru(II) complexes, we 
obtained the hexacoordinate [Ru(Pdtn)(Me2Bzimpy)]2+ and [Ru(Pttu)(Phen)]2+ 
complexes, both having thioether-based pendant pyridines. In addition, we were able to 
prepare the [Ru(Pdto)(Me2Bzimpy)]2+ and [Ru(Pdtd)(Me2Bzimpy)]2+ complexes.  
 
5.2. Experimental Section 
 
5.2.1. Materials 
RuCl3 . xH2O was received from Aldrich.  Ru(Me2Bzimpy)Cl3 was prepared via 
literature methods.4  Acetonitrile used for electrochemical analysis was distilled over 
P4O10.  UV-Vis and luminescence spectra were obtained using a Perkin Elmer Lambda 35 
UV-Vis spectrometer and a Perkin Elmer LS 55 luminscence spectrometer, respectively.  
Electrochemical studies were performed on a Bioanalytical Systems BAS-100A 
electrochemical analyzer and a BAS RDE 2 Rotator using a three-electrode assembly 
consisting of a working electrode, a Pt-mesh auxiliary electrode (3.75 cm2)  and an 




was a Pt wire for voltammetry (1 mm diameter, 8.4 mm length) and a Pt disc for rotating 
disc polarography (1.6 mm diameter).  Proton NMR spectra were obtained at room 
temperature using Varian 300 MHz and 500 MHz spectrometers.  Proton NMR samples 
were analyzed in CDCl3 and DMSO-d6 using TMS as an internal standard.  Elemental 
microanalyses were performed by Robertson-Microlit Laboratories (Madison, NJ). X-ray 
crystallography was performed at Youngstown University, OH.  ESI and FAB mass 
spectrometry were performed on Thermal Finnigan TSQ70 and VG70SE mass 
spectrometers, respectively. 
 
5.2.2. Preparation of complexes 
 
Synthesis of dinuclear Ru(II) complexes 
 
[Ru(Pdtn)(µ-Cl)]2(ClO4)2 . 2H2O  (1).   
To RuCl3 . xH2O (1 mmole, 0.207 g) in 50 mL of an 80:20 solution of 
ethanol/water was added 1 mmole of Pdtn (0.32 g) and the mixture was refluxed for 48 
hours.  The resultant solution was then filtered and concentrated to approximately 10 mL.  
An aqueous solution of NaClO4 was added yielding a yellow solid. Recrystallized from 
ethanol, yield: 67%  ms: (FAB) 455 ([M-2ClO4]2+, 100%), 1009 ([M-ClO4]+, 1%), 1132 
([M+Na]+, 1%). 1H NMR (DMSO-d6): δ 2.28(t, CH2), 2.92(m, CH2), 3.47(t, CH2), 
7.08(m, pyridine), 7.42(d, pyridine), 7.67(t, pyridine), 8.53(d, 2-pyr).      
Anal., calculated for C34H44N4Cl2Ru2S4(ClO4)2 . 2H2O: C, 35.7; H, 4.23; N, 4.89: 





Synthesis of mononuclear Ru(II) complexes 
 
Two methods were employed in the synthesis of the mononuclear 
[Ru(Pdtn)(Me2Bzimpy)]2+ complexes. 
 
1.  To 1 mmole of one of the dinuclear complexes dissolved in 30 mL of ethanol was 
added to 1.9 mmole (0.65 g) of Me2Bzimpy.  The mixture was refluxed for 24 
hours.   The resulting solution was filtered and evaporated to approx. 10 mL.  An 
aqueous solution of NaClO4 was then added, yielding a brown solid.  The solid 
was washed with water (2 x 30 mL) and allowed to dry overnight in vacuo. 
 
2. Ru(Me2Bzimpy)Cl3 (1 mmole, 0.55 g), 1 mmole of Pdtn (1 mmole, 0.32 g) and 2 
mL of triethylamine were refluxed in ethanol (50 mL) for 24 hours.  The resulting 
solution was evaporated to dryness, and the residue was redissolved in 15 mL of 
ethanol. An aqueous solution of NaClO4 was then added, yielding a solid.  The 
solid was washed with water (2 x 30 mL) and allowed to dry overnight in vacuo. 
 
The remaining mononuclear Me2Bzimpy complexes were synthesized using the second 
method only. 
 




(Method 1) (2a) Tan solid precipitated.  Recrystallized from ethanol, yield: 30%. 
ms: (FAB) 759 ([M-2ClO4]2+, 2%), 858 ([M-ClO4]+, 2%), 980 ([M+Na] +, 1%). 
Anal., calculated for C38H39N7RuS2(ClO4)2 . 3 H2O . 0.5 Me2Bzimpy: C, 49.3; H, 
4.56; N, 11.3: found: C, 49.5; H, 4.43; N, 11.3 
 
[Ru(Pdtn)(Me2Bzimpy)](ClO4)2 . 0.5 EtOH (2b) 
(Method 2) (2b) Tan solid precipitated. Yield: 71% ms: (FAB) 858 ([M-
2ClO4]2+, 81%), 980 ([M+Na] +, 1%). 
Anal., calculated for C38H39N7RuS2(ClO4)2 . 0.5 EtOH: C, 48.0; H, 4.71; N, 9.55: 
found: C, 48.0; H, 4.52; N, 9.64 
 
[Ru(Pdto)(Me2Bzimpy)](ClO4)2 (3) 
Brown solid precipitated.  Yield: 80%. ms: (FAB) 844 ([M-ClO4]+, 37%), 745 
([M-2ClO4] +, 11%). 
Anal., calculated for C37H37N7RuS2(ClO4)2: C, 47.1; H, 3.95; N, 10.4: found: C, 
47.0; H, 3.77; N, 10.6 
 
[Ru(Pdtd)(Me2Bzimpy)](ClO4)2 . 1.5 EtOH (4) 
Tan solid precipitated.  Yield: 65%. ms: (FAB) 872 ([M-ClO4]+, 37%). 
Anal., calculated for C39H41N7RuS2(ClO4)2 . 1.5 EtOH: C, 48.5; H, 4.84; N, 9.42: 
found: C, 48.6; H, 4.65; N, 9.13 
 




 [Me4N]Ru(Phen)Cl4 (1 mmole, 0.5 g) and Pttu (1 mmole, 0.37 g) are combined in 
refluxed in 50 mL of ethanol for  24 hours.  The resultant solution was filtered and 
evaporated to approx. 10 mL, and an aqueous solution of NaClO4 was added producing 
an orange-brown solid. Recrystallized from methanol to yield red-orange crystals, yield: 
55%. ms: (FAB) 745 ([M-ClO4] +, 12%), 680 ([Ru(Pttu)(Phen)]Cl] +, 15%), 
Anal., calculated for C30H32N4RuS3(ClO4)2 . MeOH: C, 42.4; H, 4.14; N, 6.39: 
found: C, 42.6; H, 3.91; N, 6.16 
 
5.3 Results and Discussion 
 
 The dinuclear [Ru(Pdtn)(µ-Cl)]2(ClO4)2  (1) complex was synthesized in the same 
fashion and under the same conditions as the dinuclear Ru(II) complexes reported in 
Chapter 3.  The use of [Ru(Pdtn)(µ-Cl)]2(ClO4)2  as starting material for the synthesis of 
of [Ru(Pdtn)(Me2Bzimpy)](ClO4)2 (2a) is analogous to method reported by Murali and 
Palaniandavar3 for the synthesis of the supposed heptacoordinate 
[Ru(Pdto)(Terpy)](ClO4)2.   
The mononuclear complex proved difficult to purify due to the nature of the 
solubility of Me2Bzimpy and [Ru(Pdtn)(Me2Bzimpy)](ClO4)2. Both the ligand and the 
mononuclear complex are soluble in most polar solvents, readily dissolving in room 
temperature acetonitrile and ethanol.  Recrystallization of the mononuclear complex from 
these solvents often led to unreacted ligand being redeposited in the system.  To remedy 
this, we attempted to find a non-polar solvent that would dissolve the Me2Bzimpy but 




temperature toluene and will dissolve when heated. The problem with this approach, 
washing the mononuclear complex with hot toluene, was that if the toluene had not been 
removed before it began to cool, free Me2Bzimpy would precipitate out of solution and 
contaminate the mixture.  Despite these problems, we were able to grow single crystals 
from ethanol suitable for X-ray crystallography.  
 The second method for making the mononuclear complexes did away with the 
dinuclear system and instead made use of Ru(Me2Bzimpy)Cl3 to safeguard against the 
presence of unreacted Me2Bzimpy at the end of the reaction.  Ru(Me2Bzimpy)Cl3 was 
produced by refluxing 10 mmole (2.24 g) of RuCl3 . xH2O and 10 mmole (3.40 g) of 
Me2Bzimpy in 50 mL of absolute ethanol.  After 2 hours of refluxing the solution began 
to bump and a brown solid formed.  The solution was filtered while hot, and the brown 
solid was washed with cold absolute ethanol (4 x 30 mL) and dried in vacuo.  To 1 
mmole of Ru(Me2Bzimpy)Cl3 (0.546 g) in 50 mL of ethanol was added 1 mmole of Pdtn 
(0.32 g) and 2-5 mL of triethylamine as a reducing agent.  The mixture was refluxed 
overnight, changing the reaction mixture from red-brown to yellow-brown.  The resultant 
solution was filtered and evaporated to dryness.  The residue was redissolved in a 
minimal amount of ethanol and an aqueous solution of NaClO4 was added to precipitate 
the final complex.  The other Me2Bzimpy-based mononuclear complexes were 
synthesized in the same fashion.  [Ru(Pttu)(Phen)](ClO4)2 was synthesized in a fashion 
similar to that of the [Ru(Dien)(Phen)Cl]ClO4 complex of Chapter 4.  To an ethanolic 
solution of Pttu was added [Me4N]Ru(Phen)Cl4 and the mixture was refluxed overnight. 
The resultant solution was filtered while still hot and was evaporated to approx. 10 mL 




treating the system with triethylamine and refluxing in ethanol or acetonitrile with an 
eight to tenfold excess of iodoethane, proved unsuccessful with the likely cause being the 
reduction  of the pyridine nitrogens’nucleophilicity by the cationic charge.   
 As with the dinuclear complexes of Chapter 3, [Ru(Pdtn)(µ-Cl)]2(ClO4)2  (1) can 
exist as one of four geometric isomers (Chapter 3, Scheme 3.1), but without an X-ray 
structure, we are unable to determine which isomers are present.  The 
[Ru(Pttu)(Phen)](ClO4)2 complex has six possible geometric isomers on the basis of Pttu 
acting as an NSSS donor (Scheme 5.1a) and eight more when Pttu acts as an NSSN 
donor (Scheme 5.1b and 5.1c).  In the NSSS donor scheme, the cis- and trans-N terms 
refer to the position of the Pttu-pyridine nitrogen relative to one of the Phen nitrogens.  
The cis- and trans-Sc terms refer to the position of the central Pttu sulfur (Sc) relative to 
the Phen nitrogens with the cis-Sc system having the sulfur bound cis and the trans-Sc 
system having the sulfur bound trans to the one of the Phen nitrogens. The “1” and “2” 
terms refer to the position of the two donor atoms bound directly trans to the diimine 
nitrogens, with the two terms differing by a 180° C2 rotation of the donor atom positions.  
For the NSSS trans-N system, Sc is always bound trans to Phen; therefore the R and L 
terms refer to Pttu having either right- or left-handed helicity.  In the NSSN donor 
systems, we see the possibility of either Sc or an Sf remaining uncoordinated.  The cis-N 
and trans-N terms refer to the position of the Pttu-pyridine nitrogens relative to each 
other.  The Sc and Sf terms refer to which sulfur, either Sc or one of the flanking sulfurs 
(Sf), is not coordinated, and the “1” and “2” terms refer to the position of the two donor 
atoms bound directly trans to the diimine nitrogens, with the two terms differing by a 































































































Scheme 5.1a. Six possible geometric isomers for 














































































Scheme 5.1b. Four possible geometric isomers for Pttu-based NSSN 















































































Scheme 5.1c. Four possible geometric isomers for Pttu-based NSSN 







5.3.1. X-Ray Data Collection 
 
Single-crystal XRD data of the [Ru(Dien)(Phen)(PPh3)](ClO4)2 complex was 
collected on a Bruker AXS SMART APEX CCD diffractometer at 100(2) K using 
monochromatic Mo Kα radiation with the omega scan technique. The unit cells were 
determined using SAINT+6, and the data were corrected for absorption using SADABS 
in SAINT+. The structures were solved by direct methods and refined by full-matrix least 
squares against F2 with all reflections using SHELXTL.7 Refinement of extinction 
coefficients was found to be insignificant. All non-H atoms were refined anisotropically. 
All ORTEPs  produced with Mercury 1.4.2,  from The Cambridge Crystallographic Data 
Centre of Cambridge University. 
 
5.3.2 Description of Structures 
 
ORTEP views of [Ru(Pdtn)(Me2Bzimpy)]2+ and [Ru(Pttu)(Phen)]2+ are shown in 
Figures 5.2 and 5.3 with atom numbering scheme.  Crystallographic data are shown in 
Table 5.3.  Selected bond lengths and angles are shown in Tables 5.1 and 5.2.   
 
Structure of [Ru(Pdtn)(Me2Bzimpy)](ClO4)2  
 
The ORTEP view is given in Figure 5.2 and selected bond lengths and angles are 
given in Table 5.1.  The red [Ru(Pdtn)(Me2Bzimpy)]2+ complex consists of a pseudo-




thioether sulfurs, two Me2Bzimpy-based benzimidazole nitrogens and one Me2Bzimpy-
based pyridine nitrogen ligand yielding a cis-N4S2 configuration.  The Ru-S(Pdtn) bond 
lengths are nearly equivalent (Ru(1)-S(2): 2.373(8) Å, Ru(1)-S(4): 2.346(8) Å) and the 
Ru-N(Pdtn-pyridine) length is 2.18(2) Å.  The Ru-N(Me2Bzimpy-benzimidazole) bond 
lengths (Ru(1)-N(1): 2.18(2) Å, Ru(1)-N(3): 2.14(2) Å) are nearly equivalent and are 
slightly longer than the central Ru-N(Me2Bzimpy-pyridine) bond (1.95(2) Å).  With the 
Ru-N(Me2Bzimpy-pyridine) bond being the shortest of all of the Ru-based bonds, it is 
apparent that the Me2Bzimpy pyridine displays the greater degree of π-back bonding with 
the Ru(II) nucleus. 
 
Structure of [Ru(Pttu)(Phen)](ClO4)2  
 
The ORTEP view is given in Figure 5.3 and selected bond lengths and angles are 
given in Table 5.2.  The orange [Ru(Pdtn)(Phen)]2+ complex consists of a pseudo-
octahedral Ru(II) nucleus bound to a single Pttu-based pyridine nitrogen, three Pttu-based 
thioether sulfurs and two Phen-based pyridine nitrogens yielding a N3S3 configuration.  
The Ru-N(Phen) bonds are nearly equivalent (Ru(1)-N(1): 2.110(3)Å, Ru(1)-N(2): 2.107 
(3)Å), and the Ru-N(Pttu-pyridine) bond (Ru(1)-N(3)) is longest Ru-N bond at 
2.158(3)Å. The flanking Ru-S(Pttu) (Ru(1)-S(3)) bond bound trans to the Ru-N(Pttu-
pyridine) is the longest of the three Ru-S bonds and the longest Ru-based bond of the six, 
which conflicts with earlier findings (Chapter 3), which show that the longest Ru-based 
bond is almost always bound trans to the shortest. Equally as surprising is that the two 




































Figure 5.2. ORTEP drawing of the [Ru(Pdtn)(Me2Bzimpy)]2+ cation showing 
the atom numbering scheme and the thermal motion ellipsoids (50% 
probability level); the hydrogen atoms are omitted for clarity. The cubes are 





Table 5.1. Selected bond lengths (Å) and angles (°) for [Ru(Pdtn)(Me2Bzimpy)]ClO4.  
The value in parentheses represents the standard deviation in the last significant figure. 
 
Bond Lengths: 
N(1)-Ru(1)            2.18(2) N(7)-Ru(1)            2.18(2)   
N(2)-Ru(1)            1.95(2)  S(2)-Ru(1)            2.373(8)   
N(3)-Ru(1)            2.14(2)  S(4)-Ru(1)            2.346(8)   
       
 
Bond Angles: 
N(1)-Ru(1)-N(2)          79.4(8)  N(2)-Ru(1)-S(4)      170.3(6)   
N(1)-Ru(1)-N(3) 157.5(9)  N(3)-Ru(1)-N(7)   89.7(8)   
N(1)-Ru(1)-N(7) 89.8(7)  N(3)-Ru(1)-S(2) 86.1(5)   
N(1)-Ru(1)-S(2) 94.3(5)  N(3)-Ru(1)-S(4) 107.4(8)   
N(1)-Ru(1)-S(4) 95.1(6)  N(7)-Ru(1)-S(2) 175.8(6)   
N(2)-Ru(1)-N(3) 78.2(10)  N(7)-Ru(1)-S(4) 93.4(6)   
N(2)-Ru(1)-N(7) 94.5(8)  S(2)-Ru(1)-S(4) 87.4(3)   
N(2)-Ru(1)-S(2) 85.2(6)      






































Figure 5.3. ORTEP drawing of the [Ru(Pttu)(Phen)]2+ cation showing 
the atom numbering scheme and the thermal motion ellipsoids (50% 





Table 5.2. Selected bond lengths (Å) and angles (°) for [Ru(Pttu)(Phen)]ClO4.  The value 
in parentheses represents the standard deviation in the last significant figure. 
 
Bond Lengths: 
N(1)-Ru(1)            2.110(3) S(1)-Ru(1)            2.3121(9)   
N(2)-Ru(1)            2.107(3)  S(2)-Ru(1)            2.3180(9)   
N(3)-Ru(1)            2.158(3)  S(3)-Ru(1)            2.3202(9)   
       
 
Bond Angles: 
N(1)-Ru(1)-N(2)          78.49(11)  N(2)-Ru(1)-S(3)      88.24(8)   
N(1)-Ru(1)-N(3) 86.88(10)  N(3)-Ru(1)-S(1)   91.78(8)   
N(1)-Ru(1)-S(1) 174.38(8)  N(3)-Ru(1)-S(2) 91.10(8)   
N(1)-Ru(1)-S(2) 97.93(8)  N(3)-Ru(1)-S(3) 173.20(8)   
N(1)-Ru(1)-S(3) 86.43(8)  S(1)-Ru(1)-S(2) 87.54(3)   
N(2)-Ru(1)-N(3) 91.65(11)  S(1)-Ru(1)-S(3) 94.99(3)   
N(2)-Ru(1)-S(1) 96.10(8)  S(2)-Ru(1)-S(3) 88.58(3)   
N(2)-Ru(1)-S(2) 175.36(8)      




Table 5.3. Crystallographic data for selected complexes
[Ru(Pdtd)(Me2Bzimpy)](ClO4)2 [Ru(Pttu)(Phen)](ClO4)2 · EtOH
Empirical formula C38H39Cl2N7O8RuS2 C32H38Cl2N7O9RuS3
Formula weight 957.85 890.81
Moiety formula C38H39N7S2Ru, 2(ClO4) C30H32N4S3Ru, C2H6O, 2(ClO4)
Crystal system monoclinic triclinic
Crystal size (mm) 0.42 x 0.29 x 0.10 0.22 x 0.15 x 0.10
Space group P21/n P1bar
a  (Å) 13.345(8) 11.3318(12)
b  (Å) 14.766(10) 12.2411(13)
c  (Å) 23.247(17) 13.3055(14)
b (°) 104.979(16) 97.602(2)




F (000) 1960 912
µ (mm-1) 0.625 0.848
λ (Å) 0.71073 0.71073






to the nearly equivalent Ru-N(Phen) bonds are, in fact, quite inequivalent. This deviation 
from the perceived norm is most likely due to the presence of the dangling pyridine, but 





Cyclic voltammetry was used to investigate the redox behavior of the 
mononuclear complexes.  The mononuclear complexes show a single-electron 
Ru(II)→Ru(III) oxidative response, in the range of +825 to +845 mV vs. APE, involving 
the removal from an electron from the t2g orbital set.  The parameters for reversibility are 
based on the ∆Ep0 values in Table 5.4, with a value within 10 mV (based upon standard 
deviation) above or below the Nernstian value of 59 mV considered to be a reversible, 
one-electron system and all other values being either quasireversible or irreversible 
dependent upon the appearance of the voltammogram.  
An anodic scan of the mononuclear Ru(II) thioether complexes shows a reversible 
or quasireversible single-electron oxidative response at E1/2 = +826 mV (vs. APE) for the 
Pdto-based complex (Figure 5.4), +839 mV for the Pdtn-based complex and +842 mV 
for the Pdtd-based complex representative of the Ru(III)/(II) redox couple.  
Based upon these data, it is reasonable to suggest that ability of the tetradentate 
thioether to stabilize the Ru(III) state proceeds in this fashion: 
 























































































































































































































































































































































































































































































































































Figure 5.4. Voltammogram of [Ru(Pdtd)(Me2Bzimpy)](ClO4)2  





Differences in oxidization potential are often a result of the π back-donating character of 
the ligands, where the greater the amount of π back-donating ligands present on the 
metal, the higher the oxidative potential.8  In this case, the increase in oxidation potential 
is likely a result of increasing central chelate ring size, as observed for several Cu(II) 
complexes of tetradentate thioether ligands.9 A cathodic scan of the Me2Bzimpy-based 
mononuclear complexes showed two to three reductive waves indicative of reduction of 
the thioether pyridines and/or Me2Bzimpy to its anion radical.   An anodic scan of the 
[Ru(Pttu)(Phen)](ClO4)2 complex displays three oxidative responses. The quasireversible 
wave at E1/2 = +641 mV and the reversible wave at +844 mV appear to have merged and 
the individual waves broaden with increasing scan rate.  These oxidation potentials are 
significantly lower than those of the mononuclear Pdto-based complexes of Chapter 3 
and may be indicative of the Ru(III)/(II) oxidative couple for a pair of NSSS-based 
geometric isomers.  The third wave at +1217 mV is far removed from the first two waves 
and best matches the values of the mononuclear Pdto-based complexes of Chapter 3 and 
could represent the Ru(III)/(II) oxidative couple of one of the NSSN-based isomers. 
Cyclic voltammetry gave two oxidative responses for the dinuclear [Ru(Pdtn)(µ-
Cl)]2(ClO4)2 complex (Figure 5.5), indicative of the successive oxidation of the two 
Ru(II) nuclei.  The first, a quasireversible response at E1/2 = +644 mV (vs. APE), 
representative of an overall Ru(III)-Ru(II) state, and the second, a quasireversible 
response at +1183 mV, indicative of the oxidation of the second Ru(II) nucleus to give an 
overall Ru(III)-Ru(III) state.  There is a small irreversible wave at around E1/2 = +1000 

































Figure 5.5. Cyclic voltammogram of [Ru(Pdtn)(µ-Cl)]2(ClO4)2  




 isomers. (Chapter 3). A single reductive response is seen at -920 mV representive of the 
reduction of a Pdtn ligand pyridine to its anion radical and the overall Ru(II)-Ru(II)-L- 
state.   
The stability of the mixed-valence Ru(III)-Ru(II) state can be determined by its 
comproportionation constant Kc, represented by the following equation in which ∆E 
refers to the difference between the E1/2 values of the first and second Ru(II)/(III) 
oxidations: 
 
Kc = [Ru(II)Ru(III)]2/[Ru(II)Ru(II)][Ru(III)Ru(III)] = exp(F∆E1/2/RT)         (1) 
 
The value of Kc = 1.31 x 109 is calculated from the ∆E1/2 value of 0.539 mV and 
falls in the range of that of other dinuclear Ru(II) systems with stable mixed valence 
Ru(II)/(III) states 10,11 including those of Chapter 3. 
The Lever equation12: 
 
Eobs(Ru(III)/Ru(II)) = 2n × 0.255 + (6-2n)EL(L) (2) 
 
based on the [Ru(bpy)nL6−2n]m+ template, where n = 0-3,  and Eobs is the experimentally 
found E1/2 value of the Ru(II)/(III) oxidative response and EL is the ligand-based Lever 
electrochemical parameter.  The electrochemical parameters for Pdto, pyridine, diethyl 
sulfide and and 1-(2’-pyridyl)-3,5-dimethylpyrazole12 have been used to calculate the 
EL(L) values (vs. SHE) of the other ligands used in this study (Table 5.5).  The value of 




Table 5.5. Lever parameters (EL) for ligands in this study







aValues taken from Lever, A. P. B., Inorg. Chem, 1990, 29, 1271-1285
bPttu as a NSSS donor system




 Xiaoming et al., J. Chem. Soc. Dalton Trans.
1993, 2477-2484
of the [Ru(Me2Bzimpy)2]2+ complex.13 This EL value was, in turn, used to calculate the 
EL values for Pdto, Pdtn and Pdtd, taking into account the tridentate nature of the 
thioether ligands.  The two values for Pttu are based on the averages (as a tetradentate 
NSSS or NSSN ligand) of the sums of the reported EL values of pyridine (0.244 V vs. 




















Based on the calculated Pttu EL parameters and the reported EL parameter for 
Phen (0.254 V vs. SHE), the calculated values for [Ru(Pttu)(Phen)]2+ are +1.664 V 
(NSSS) and +1.604 V(NSSN) vs. SHE.  Conversion of these values to that of the APE 
reference electrode give values of +1.124 V and +1.064 V, respectively.  These values, 
especially the NSSS-based value at +1.124, V are close to that seen for the highest 





5.3.4. Electronic Spectral Properties 
 
Table 5.6 shows the electronic absorption data for all of the complexes in this 
study.  Similar to the dinuclear complexes of Chapter 3, the dinuclear [Ru2(Pdtn)2(µ-
Cl)2](ClO4)2  (1) displays two bands in the UV range: a high intensity (ε=1580 M-1 cm-1) 
π→π* band at 251 nm and a lower intensity (ε=9170 M-1 cm-1) MLCT d→π* band in the 
range of 354 nm.  The mononuclear complexes have a single band in the range of 235-
250 nm that can be attributed to either thioether or Me2Bzimpy π→π*.  The case for 
identifying these UV bands as Me2Bzimpy-based π→π* transitions can be made by 
comparing the differences in the [Ru2(Pdtn)2(µ-Cl)2](ClO4)2  (1) and 
[Ru(Pdtn)(Me2Bzimpy)](ClO4)2 π→π* transition values.  In the same vein, the 
mononuclear π→π* values aren’t necessarily consistent enough to definitively claim that 
they are all Me2Bzimpy-based. What is not seen in the spectra of the mononuclear 
complexes is a definite band that can attributed to the tetradentate thioether π→π* 
transitions. 
The mononuclear complexes display three to four bands in the range of 300-500 
nm that can be attributed to thioether and triimine d→π* metal-to-ligand charge transfer 
(MLCT) activity.  All three complexes have a band near 352 nm that can be attributed to 
Pdtn d→π* MLCT activity, since the dinuclear system shows a similar MLCT band in 
this range.  The remaining UV-based MLCT transitions are likely triimine-based based 
on the small degree of wavelength disparity between the analogues.  The absorption 
spectrum of the [Ru(Pdto)(Me2Bzimpy)](ClO4)2 is shown in Figure 5.6.  The 








































































































































































































































































































































































































































































bands in the ranges of 335-345 nm, 310-315 nm and 300-310 nm representative of d→π* 
Me2Bzimpy MLCT activity.  The bands in the visible region are of low intensity, but not 
necessarily low enough to be d-d transitions.  These bands are likely d→π*, 
Ru(II)→triimine MLCT bands rather than Ru(II)→tetradentate thioether bands.  
[Ru(Pttu)(Phen)](ClO4)2 show a d-d transition band at 630 nm (ε = 90 M-1 cm-1) and a 
very broad MLCT band at 384 nm that can be attributed Ru→Phen MLCT.14 The 
broadness of this band could be due to the overlap of the Ru→Phen and Ru→Pttu MLCT 
bands as a very slight shoulder band appears at 310 nm that can be attributed to Ru→Pttu 
MLCT.14  The three bands in the range of 200-300 nm are due to π→π* transitions from 
both Phen and Pttu. 
Table 5.6 also shows the emission data for the complexes for the mononuclear 
and the dinuclear Ru(II) complexes. Nitrogen-purged luminescence spectroscopy was 
performed in acetonitrile at ambient temperature.  The first run is a standard run 
consisting of only complex and nitrogen-purged acetonitrile, and in the second run the 
system is doped with Ni(II) triflate to react with and quench any excess free ligand.  In 
every case presented below, both runs provided the same data. When excited at 330 nm, 
dinuclear [Ru2(Pdtn)2(µ-Cl)2](ClO4)2 emits at 380 nm.  This emission is metal-centered 
(MC) due to excitation taking place in the MLCT region and is similar to that of the 
dinuclear [Ru2(Pdto)2(µ-Cl)2](ClO4)2 complex of Chapter 3.  The Pdtn- and Pdtd-based 
mononuclear complexes both display Me2Bzimpy ligand-centered emission around 387 
nm when excited in the range of 280-290 nm.  Excitation of 
[Ru(Pdto)(Me2Bzimpy)](ClO4)2 (Figure 5.7) at 212 nm yields UV-range MC emission at 



























































Figure 5.7: Excitation spectra of [Ru(Pdto)(Me2Bzimpy)](ClO4)2.  




based excitation wavelengths seen in other mononuclear complexes nor the excitation 
wavelength of the [Ru2(Pdto)2(µ-Cl)2](ClO4)2 complex of Chapter 3, making it difficult to 
determine the origin of excitation.  
Included in Table 5.6 are quantum yield (Qrel) values for each complex relative to 
the [Ru(Bipy)3]2+ complex.  This study was carried out by comparing the emission 
intensity (λmax(emission) = 600 nm) of a solution of [Ru(Bipy)3]2+  having an absorbance of 
0.075 at its excitation wavelength (λmax(excitation) = 450 nm) with that of the complexes of 
this study held to the same excitation wavelength standard.  As seen with the complexes 
in Chapter 3, the resulting Qrel values do not appear to follow any particular trend, as 
emission may come from a single aspect of a complex, but emission intensity is a 




The tetradentate thioethers, 1,8-Bis(2’-pyridyl)-3,7-dithianonane (Pdto),, 1,9-
Bis(2’-pyridyl)-3,7-dithianonane (Pdtn), and 1,10-Bis(2’-pyridyl)-3,8-dithiadecane 
(Pdtd), were used to form dinuclear ruthenium(II) complexes of the type [{Ru(L1)}2(µ-
Cl)2]2+ via reaction with RuCl3.xH2O.  Upon reaction of the dinuclear complexes with the 
triimine ligands 2,6-bis(benzimidazolyl)pyridine (Bzimpy) and 2,6-bis(N’-methyl-
benzimidazolyl)pyridine (Me2Bzimpy)[2], facile symmetrical bridge cleavage occurs, 
producing mononuclear complexes of the form [Ru(L1)(L2)]2+, where L1 is one of the 
three tetradentate thioether ligands and L2 is one the triimine tridentates. A second 




Ru(L2)Cl3 with L1 under ethanolic conditions. A previous report3 assigned 
[Ru(Pdto)(Terpy)]2+ as contaning 7-coordinate Ru(II).   However, it transpires that in 
such mononuclear complexes, one of the pyridine arms of the tetradentate thioether is 
forced to be uncoordinated, due to the firmly hexacoordinate nature of Ru(II).  A similar 
experiment was conducted using the pentadentate thioether 1,11-Bis(2’-pyridyl)-3,6-9-
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EPILOGUE:  Ruthenium(II) complexes of tetradentate dipyridyldiamine ligands 
 
 
Several substituted alkylenediamines and dipyrdiyldiamines have been proven to 
be effective as diuretics and anti-hypertension agents, with adrenolytic potency 
increasing with greater chain length and branching.1  For the last forty years, 
ruthenium(II) complexes of tetradentate dipyridyldiamine ligands have been studied for 
their coordination isomerism.2 Similar to the dipyridyl thioethers (Chapters 3 and 5), the 
dipyridylediamines can coordinate facially with an hexacoordinate metal atom leading to 
either cis-α or cis-β isomerism, or meridinally, leaving the reaming two metal 
coordination sites trans to each other.  Recently, Ru(II) dipyrdiyldiamines, in conjunction 
with planar aromatic ligands such as 2,2’-dipyridine and 1,10-phenanthroline, have been 
used in DNA binding studies. The planar rings of these complexes allow for π-π based 
stacking interactions.3 
Our aim is to synthesize a series of N6 dipyrdiyldiamines-based diimine 
complexes analogous to the complexes of Chapters 3 and 5 with the hopes that we will 
produce visible-range based emission comparable to that seen in many tris-homo- and 
heteroleptic ligand-based Ru(II) complexes.   The tetradentate dipyridyldiamine ligands 
would be synthesized in a manner similar to that of the thioether pyridine ligands of 
Chapter 3, involving the reaction of a diamine across the double bond of 2-vinylpyridine.  
Unlike the work in Chapter 3, we will use a smaller set of diimine ligands, focusing on a 
particular type of ligand, such as a benzimidazole or pyrazole, and alter that ligand via 
alkylation or acylation to observe any changes in redox chemistry. We would likely 




due to alkaline nature of the dipyrdiyldiamine ligands, and use Ru(DMSO)4Cl2 as our 
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Table A.1.  Atomic coordinates [× 104] and equivalent isotropic displacement parameters 
[Å2 × 103] for [Ru2(Ppes)2(µ-Cl)2](ClO4)2 . 2/3 CH3CH2OH.  U(eq) is defined as one third 
of the trace of the orthogonalized Uij tensor.  
________________________________________________________________  
                  x              y              z             U(eq) 
________________________________________________________________  
 C(1)          1901(3)        4390(4)        792(1)       22(1)  
 C(2)          1322(3)        4015(5)        818(1)       26(1)  
 C(3)           835(3)        4361(5)        636(2)       31(2)  
 C(4)           948(3)        5080(5)        438(2)       28(1)  
 C(5)          1537(3)        5445(5)        421(1)       23(1)  
 C(6)          1636(3)        6238(5)        204(1)       26(1)  
 C(7)          2026(3)        5920(5)        -34(1)        29(1)  
 C(8)          2977(3)        4602(5)        -51(1)        27(1)  
 C(9)          2943(3)        4488(6)       -351(1)       34(2)  
 C(10)         3060(3)        3560(6)       -461(2)       39(2)  
 C(11)         3208(3)        2780(6)       -280(2)       38(2)  
 C(12)         3241(3)        2899(5)         18(2)         33(2)  
 C(13)         3128(3)        3825(5)        131(1)        23(1)  
 C(14)         4042(3)        3843(5)        569(1)        26(1)  
 C(15)         4331(3)        4595(5)        782(1)        25(1)  
 C(16)         4370(3)        5606(5)        657(1)        23(1)  
 C(17)         4938(3)        6010(5)        611(2)        31(1)  
 C(18)         4993(3)        6930(5)        499(2)        34(2)  
 C(19)         4465(3)        7467(5)        437(1)        28(1)  
 C(20)         3908(3)        7037(5)        483(1)        24(1)  
 C(21)         1412(3)        6685(5)       1165(1)       27(1)  
 C(22)          819(3)        6335(5)       1171(2)       32(2)  
 C(23)          715(3)        5561(6)       1353(2)       37(2)  
 C(24)         1208(3)        5159(5)       1516(2)       33(2)  
 C(25)         1796(3)        5522(5)       1503(1)       27(1)  
 C(26)         2321(3)        5074(5)       1686(2)       32(2)  




 C(28)         2625(3)        7755(5)       1952(1)       22(1)  
 C(29)         2649(3)        7792(5)       2256(1)       28(1)  
 C(30)         2370(3)        8572(5)       2386(2)       33(2)  
 C(31)         2072(3)        9305(5)       2220(1)       30(1)  
 C(32)         2058(3)        9270(5)       1920(1)       24(1)  
 C(33)         2337(3)        8492(5)       1784(1)       23(1)  
 C(34)        2854(3)        9446(5)       1342(1)       26(1)  
 C(35)         3207(3)        9217(5)       1078(1)       24(1)  
 C(36)         3738(3)        8525(5)       1154(1)       22(1)  
 C(37)         4336(3)        8852(5)       1120(1)       30(1)  
 C(38)         4831(3)        8259(5)       1200(2)       32(2)  
 C(39)         4725(3)        7341(5)       1313(1)       30(1)  
 C(40)         4126(3)        7057(5)       1338(1)       24(1)  
 C(41)         4213(3)        4532(5)       2302(2)       31(2)  
 C(42)         4225(4)        5546(6)       2320(2)       46(2)  
 C(43)         4608(5)        6038(6)       2149(2)       62(3)  
 C(44)         4956(4)        5536(6)       1973(2)       54(3)  
 C(45)         4931(3)        4518(6)       1961(2)       36(2)  
 C(46)         5316(3)        3982(6)       1755(2)       40(2)  
 C(47)         4920(3)        3440(6)       1517(2)       37(2)  
 C(48)         3872(3)        2302(4)       1478(1)       24(1)  
 C(49)         3793(3)        2124(5)       1180(1)       30(1)  
 C(50)         3206(3)        2114(5)       1042(1)       32(2)  
 C(51)         2702(3)        2288(5)       1201(1)       30(1)  
 C(52)         2773(3)        2453(5)       1495(2)       31(1)  
 C(53)         3363(3)        2447(5)       1634(1)       26(1)  
 C(54)         3082(3)        1451(5)       2119(2)       35(2)  
 C(55)         3448(7)         886(14)      2352(4)       31(2)  
 N(6)          4479(9)          949(6)       2160(5)       27(1)  
 C(56)         4028(7)          411(8)       2284(4)       38(6)  




 C(58)         4640(6)       -1051(6)     2258(3)       45(5)  
 C(59)         5090(5)        -513(9)       2134(3)       40(4)  
 C(60)         5009(7)         487(8)        2084(4)       34(6)  
 O(13)         4332(3)        3466(4)      4178(1)       50(2)  
 C(61)         4156(4)        3141(8)      4451(2)       64(3)  
 C(62)         4323(4)        3808(8)      4696(2)       60(3)  
 C(55B)        3451(4)         887(8)        2353(2)       31(2)  
 N(6B)         4460(8)         915(6)        2162(5)       27(1)  
 C(56B)        3946(6)         378(8)        2224(4)       31(5)  
 C(57B)        3917(5)        -622(8)       2165(3)       39(4)  
 C(58B)        4401(5)       -1085(6)     2043(3)       43(5)  
 C(59B)        4914(5)        -548(8)       1981(3)       31(3)  
 C(60B)        4944(6)        452(8)         2040(4)       35(7)  
 Cl(1)         3135(1)        5401(1)       1124(1)       20(1)  
 Cl(2)         2569(1)        7192(1)        760(1)       20(1)  
 Cl(3)         5588(1)        2496(1)       2326(1)       24(1)  
 Cl(4)         3745(1)        7454(1)       2934(1)       32(1)  
 Cl(5)         3784(1)        5791(1)       3825(1)       29(1)  
 Cl(6)         4288(1)         832(1)           436(1)       29(1)  
 N(1)          2018(2)        5103(4)         601(1)       19(1)  
 N(2)          3845(2)        6122(4)         583(1)       20(1)  
 N(3)          1899(2)        6309(4)       1327(1)       22(1)  
 N(4)          3631(2)        7623(4)       1258(1)       20(1)  
 N(5)          4557(2)        4013(4)       2128(1)       28(1)  
 O(1)          4070(3)        7608(4)       2683(1)       61(2)  
 O(2)          3290(3)        8185(5)       2949(1)       69(2)  
 O(3)          3456(3)        6506(5)       2905(1)       51(2)  
 O(4)          4158(3)        7499(5)       3187(1)       54(2)  
 O(5)          3362(3)        5855(4)       3571(1)       43(1)  
 O(6)          4366(2)        5397(4)       3753(1)       46(1)  




 O(8)          3874(2)        6753(3)       3952(1)       32(1)  
 O(9)          4606(2)         949(4)           719(1)       46(1)  
 O(10)         4523(3)        1516(4)         240(1)       49(1)  
 O(11)         4372(2)        -141(4)          332(1)       45(1)  
 O(12)         3640(2)        1013(4)         455(1)       43(1)  
 Ru(1)         2938(1)        5584(1)         595(1)       17(1)  
 Ru(2)         2761(1)        6983(1)       1293(1)       18(1)  
 Ru(3)         4496(1)        2474(1)       2145(1)       20(1)  
 S(1)          2832(1)        5786(1)         104(1)       21(1)  
 S(2)          3208(1)        4015(1)         511(1)       21(1)  
 S(3)          3007(1)        6791(1)       1776(1)       21(1)  
 S(4)          2326(1)        8432(1)       1400(1)       20(1)  
 S(5)          4622(1)        2310(1)       1665(1)       25(1)  




Table A.2.  Atomic coordinates [× 104] and equivalent isotropic displacement parameters 
[Å2 × 103] for [Ru(Pdto)(Ppti)](ClO4)2 .CH3OH.  U(eq) is defined as one third of the trace 
of the orthogonalized Uij tensor.  
________________________________________________________________  
                 x                y                z              U(eq) 
________________________________________________________________  
 C(1)          8821(2)       7260(2)       9190(1)       18(1) 
 C(2)          8561(2)       6324(2)       9391(1)       21(1) 
 C(3)          7550(3)       5896(2)       9147(1)       21(1) 
 C(4)          6819(2)       6434(2)       8729(1)       19(1) 
 C(5)          7127(2)       7397(2)       8572(1)       15(1) 
 C(6)          4627(2)       7592(2)       8882(1)       20(1) 
 C(7)          3965(3)       7085(2)       9200(1)       23(1) 
 C(8)          3236(3)       6346(2)       8922(1)       23(1) 
 C(9)          3167(3)       6128(3)       8331(1)       24(1) 
 C(10)        3831(2)       6643(2)       8009(1)       21(1) 
 C(11)        4573(2)       7370(2)       8285(1)       17(1) 
 C(12)        5298(2)       7918(2)       7957(1)       15(1) 
 C(13)        5053(2)       8533(2)       7467(1)       15(1) 
 C(14)        3966(2)       8748(2)       7065(1)       18(1) 
 C(15)        4150(2)       9351(2)       6522(1)       21(1) 
 C(16)        4974(2)      10212(2)      6696(1)       21(1) 
 C(17)        6127(2)       9787(2)       6953(1)       18(1) 
 C(18)        6045(2)       9028(2)       7427(1)       15(1) 
 C(19)        8915(2)       8900(2)       7230(1)       18(1) 
 C(20)        9462(3)       8741(2)       6780(1)       22(1) 
 C(21)       10531(3)      8376(3)       6915(1)       25(1) 
 C(22)       10987(2)      8188(2)       7499(1)       22(1) 
 C(23)       10399(2)      8370(2)       7942(1)       18(1) 




 C(25)       11131(2)      9151(2)       8948(1)       19(1) 
 C(26)       10074(3)     10973(2)      9094(1)       21(1) 
 C(27)        9918(2)      11304(2)      8457(1)       22(1) 
 C(28)        7661(3)      11730(2)      8212(2)       22(1) 
 C(29)        6610(2)      11205(2)      8301(1)       18(1) 
 C(30)        6729(2)      10661(2)      8883(1)       17(1) 
 C(31)        6135(2)      11015(2)      9291(1)       21(1) 
 C(32)        6205(3)      10530(3)      9830(1)       23(1) 
 C(33)        6895(2)        9698(2)      9951(1)       21(1) 
 C(34)        7486(2)        9401(2)      9537(1)       18(1) 
 C(35)        3568(11)     3426(10)     9622(4)      193(7) 
 Cl(2)          1611(1)       6722(1)        249(1)       20(1) 
 Cl(3)          3268(1)        588(1)       8340(1)       19(1) 
 N(1)         6873(2)       8739(2)       7865(1)       15(1) 
 N(2)         6408(2)       8024(2)       8177(1)       14(1) 
 N(3)         8126(2)       7797(2)       8771(1)       14(1) 
 N(4)         9350(2)       8729(2)       7810(1)       16(1) 
 N(5)         7415(2)       9856(2)       9001(1)       15(1) 
 O(1)         2779(2)       1447(2)       8588(1)       39(1) 
 O(2)         2398(2)          47(2)        7956(1)       29(1) 
 O(3)         3786(2)          -62(2)       8811(1)       33(1) 
 O(4)         4053(2)         935(2)       8007(1)       34(1) 
 O(5)         1402(2)         7731(2)         22(1)       36(1) 
 O(6)         1021(3)        6565(2)        713(1)       51(1) 
 O(7)         1260(2)        5987(2)       -206(1)       37(1) 
 O(8)         2769(2)         6608(2)       472(1)       46(1) 
 O(9)         4128(4)        2573(4)      9509(3)      103(2) 
 Ru(1)        8383(1)        9245(1)      8420(1)       12(1) 
 S(1)          9879(1)        9612(1)      9151(1)       15(1) 





Table A.3.  Atomic coordinates [× 104] and equivalent isotropic displacement parameters 
[Å2 × 103] for [Ru(Pdto)(Dpzp)](ClO4)2 .CH3OH.  U(eq) is defined as one third of the 
trace of the orthogonalized Uij tensor.  
________________________________________________________________  
                       x                 y                z              U(eq) 
________________________________________________________________  
 C(1)         1195(2)       -983(1)       3584(2)       19(1)  
 C(2)         2094(2)      -1378(1)      4309(2)       22(1)  
 C(3)         2985(2)       -869(1)       4919(2)       22(1)  
 C(4)         2923(2)          27(1)       4817(2)       21(1)  
 C(5)         1980(2)        381(1)       4077(1)       16(1)  
 C(6)         2324(2)       1983(1)      4505(2)       19(1)  
 C(7)         1530(2)       2667(1)      4315(2)       19(1)  
 C(8)           477(2)       2356(1)      3631(2)       16(1)  
 C(9)          -601(2)       2867(1)      3179(2)       16(1)  
 C(10)        -434(2)       3746(1)      2921(2)       20(1)  
 C(11)       -1431(2)      4241(1)      2474(2)       23(1)  
 C(12)       -2604(2)       3869(1)     2279(2)       24(1)  
 C(13)       -2786(2)       3004(1)     2555(2)       23(1)  
 C(14)       -1791(2)       2504(1)     3005(2)       18(1)  
 C(15)        3570(2)       1963(1)     5125(2)       21(1)  
 C(16)        4622(2)       1876(1)     4534(2)       25(1)  
 C(17)        5792(2)       1828(1)     5125(2)       29(1)  
 C(18)        5919(2)       1871(2)     6286(2)       38(1)  
 C(19)        4884(2)       1980(3)     6875(3)       54(1)  
 C(20)        3705(2)       2046(2)     6289(2)       44(1)  
 C(21)       -1287(2)        354(1)     4391(2)       17(1)  
 C(22)       -2088(2)        108(1)     5174(2)       19(1)  
 C(23)       -3203(2)       -299(1)     4797(2)       23(1)  
 C(24)       -3454(2)       -429(1)     3647(2)       22(1)  
 C(25)       -2613(2)       -163(1)     2886(2)       17(1)  




 C(27)       -2086(2)       -968(1)     1126(2)       19(1)  
 C(28)        -603(2)        -99(1)       - 343(2)       19(1)  
 C(29)       -1456(2)        683(1)      -388(1)       19(1)  
 C(30)        -279(2)       2251(1)       413(2)       20(1)  
 C(31)        1079(2)       2269(1)       903(2)       20(1)  
 C(32)        1837(2)       1466(1)       775(2)       19(1)  
 C(33)        2849(2)       1496(1)       115(2)       26(1)  
 C(34)        3594(2)        773(2)          16(2)       29(1)  
 C(35)        3324(2)         29(2)         590(2)       26(1)  
 C(36)        2312(2)         31(1)       1234(2)       20(1)  
 Cl(1)         3856(1)       3994(1)      2044(1)      23(1)  
 Cl(2)          333(1)       1754(1)       7125(1)      20(1)  
 N(1)         1146(1)       -110(1)       3444(1)       16(1)  
 N(2)         1768(1)       1280(1)       3946(1)       16(1)  
 N(3)          632(1)       1518(1)        3391(1)       15(1)  
 N(4)        -1515(1)        223(1)        3249(1)       15(1)  
 N(5)         1560(1)        731(1)       1 331(1)       16(1)  
 O(1)         3949(2)       3127(2)       1605(2)       52(1)  
 O(2)         4680(2)       4078(2)       3052(1)       38(1)  
 O(3)         4208(2)       4592(2)       1196(2)       44(1)  
 O(4)         2598(1)       4165(1)       2286(2)       35(1)  
 O(5)          890(2)       2598(1)        7027(2)       29(1)  
 O(6)          654(2)       1210(1)        6209(1)       34(1)  
 O(7)          807(2)       1364(1)        8186(1)       32(1)  
 O(8)         -996(2)       1850(1)        7107(2)       44(1)  
 O(9)         4885(3)       8092(2)         559(3)       71(1)  
 C(37)       3778(6)       7620(4)        361(6)      119(3)  
 Ru(1)         -30(1)        542(1)         2251(1)       12(1)  
 S(1)         -485(1)       -618(1)         1040(1)       16(1)  




Table A.4.  Atomic coordinates [× 104] and equivalent isotropic displacement parameters 
[Å2 × 103] for [Ru(Ppes)(Dpzp)](ClO4)2 .2/3H2O.  U(eq) is defined as one third of the 
trace of the orthogonalized Uij tensor.  
________________________________________________________________  
                       x                y                 z             U(eq) 
________________________________________________________________  
 C(1)         1970(2)       7772(1)       8419(1)       22(1) 
 C(2)         1079(2)       7819(2)       9002(1)       27(1) 
 C(3)          880(2)       6832(2)       9546(1)       29(1) 
 C(4)         1557(2)       5799(2)       9506(1)       27(1) 
 C(5)         2444(2)       5743(2)       8927(1)       23(1) 
 C(6)         2658(2)       6735(1)       8379(1)       19(1) 
 C(7)         3545(2)       6626(1)       7758(1)       18(1) 
 C(8)         3603(2)       5681(1)       7476(1)       22(1) 
 C(9)         4539(2)       5937(1)       6899(1)       20(1) 
 C(10)        5029(2)       5200(1)       6447(1)       25(1) 
 C(11)        3936(3)       4674(2)       6168(1)       33(1) 
 C(12)        4384(3)       3931(2)       5764(1)       42(1) 
 C(13)        5897(3)       3723(2)       5643(1)       46(1) 
 C(14)        6981(3)       4238(2)       5923(1)       49(1) 
 C(15)        6560(3)       4982(2)       6327(1)       36(1) 
 C(16)        5664(2)       7810(1)       6269(1)       17(1) 
 C(17)        5800(2)       7659(2)       5594(1)       23(1) 
 C(18)        6417(2)       8512(2)       5069(1)       27(1) 
 C(19)        6857(2)       9489(2)       5224(1)       25(1) 
 C(20)        6659(2)       9582(1)       5902(1)       20(1) 
 C(21)        8655(2)       7524(1)       7285(1)       22(1) 
 C(22)        9679(2)       6629(2)       7290(1)       28(1) 
 C(23)        9583(2)       5620(2)       7823(1)       33(1) 
 C(24)        8504(2)       5578(2)       8338(1)       30(1) 
 C(25)        7489(2)       6505(1)       8310(1)       22(1) 




 C(27)        6143(3)       7351(2)       9237(1)       32(1) 
 C(28)        6712(2)       9596(1)       8873(1)       20(1) 
 C(29)        6795(2)       9697(2)       9563(1)       25(1) 
 C(30)        7869(2)      10370(2)       9726(1)       31(1) 
 C(31)        8860(2)      10935(2)       9210(1)       31(1) 
 C(32)        8784(2)      10833(2)       8523(1)       25(1) 
 C(33)        7689(2)      10167(1)       8356(1)       20(1) 
 C(34)        6498(2)      11505(1)       7129(1)       21(1) 
 C(35)        4943(2)      11580(1)       7468(1)       21(1) 
 C(36)        3704(2)      11079(1)       7148(1)       19(1) 
 C(37)        2389(2)      11763(1)       6907(1)       23(1) 
 C(38)        1252(2)      11378(2)       6567(1)       24(1) 
 C(39)        1467(2)      10301(1)       6465(1)       22(1) 
 C(40)        2773(2)       9652(1)       6726(1)       19(1) 
 Cl(1)         996(1)       7674(1)       5360(1)       24(1) 
 Cl(2)        2551(1)       2608(1)       8726(1)       23(1) 
 N(1)         6071(1)       8754(1)       6427(1)       16(1) 
 N(2)         4435(1)       7427(1)       7386(1)       16(1) 
 N(3)         7528(2)       7478(1)       7766(1)       19(1) 
 N(4)         3891(2)      10001(1)       7081(1)       17(1) 
 N(5)         5022(1)       7008(1)       6841(1)       17(1) 
 O(1)         2305(2)       7343(2)       5803(1)       71(1) 
 O(2)           89(2)       8480(2)       5611(1)       53(1) 
 O(3)         1471(2)       8174(1)       4642(1)       37(1) 
 O(4)          152(3)       6710(2)       5390(1)       80(1) 
 O(5)         1975(2)       3289(1)       8049(1)       37(1) 
 O(6)         2566(2)       1424(1)       8742(1)       33(1) 
 O(7)         1613(2)       2817(1)       9285(1)       41(1) 
 O(8)         4055(2)       2926(2)       8821(1)       47(1) 
 O(9)          615(4)       4279(3)       5712(2)       50(1) 




 Ru(1)        5744(1)       8772(1)       7480(1)       15(1) 
 S(1)         7474(1)      10108(1)       7463(1)       18(1) 






Table A.5.  Atomic coordinates [× 104] and equivalent isotropic displacement parameters 
[Å2 × 103] for [Ru(Pdto)(Pmi)](ClO4)2 .CH3OH.  U(eq) is defined as one third of the trace 
of the orthogonalized Uij tensor.  
________________________________________________________________  
                         x                  y                z           U(eq) 
________________________________________________________________  
 Ru(1)        8942(1)       2642(1)       2404(1)       11(1)  
 S(1)         8140(1)       2907(1)       4361(1)       13(1)  
 S(2)        10048(1)       4096(1)       2276(1)       13(1)  
 N(1)         7634(1)       3928(1)       2006(1)       13(1)  
 N(2)        10267(1)       1357(1)       2803(1)       14(1)  
 C(1)         7987(2)       4501(1)        961(1)       16(1)  
 C(2)         7242(2)       5357(2)        594(2)       19(1)  
 C(3)         6081(2)       5697(2)       1331(2)       21(1)  
 C(4)         5705(2)       5128(2)       2402(2)       20(1)  
 C(5)         6476(2)       4241(1)       2719(1)       15(1)  
 C(6)         5986(2)       3591(1)       3849(1)       16(1)  
 C(7)         6603(2)       3693(2)       4719(1)       18(1)  
 C(8)         9273(2)       4824(1)       3592(1)       17(1)  
 C(9)         8946(2)       3973(1)       4617(1)       17(1)  
 C(10)       11475(2)       3529(2)       2518(2)       17(1)  
 C(11)       12040(2)       2440(2)       1910(2)       18(1)  
 C(12)       11484(2)       1404(1)       2528(1)       16(1)  
 C(13)       12260(2)        492(2)       2804(2)       19(1)  
 C(14)       11821(2)       -497(2)       3348(2)       20(1)  
 C(15)       10579(2)       -541(2)       3653(2)       18(1)  
 C(16)        9846(2)        393(1)       3382(1)       16(1)  
 N(3)         7931(1)       1380(1)       2284(1)       13(1)  
 N(4)         8143(1)       1162(1)       1140(1)       13(1)  
 N(5)         9675(1)       2295(1)        649(1)       13(1)  
 C(17)       10622(2)       2759(2)       -159(1)       17(1)  




 C(19)       10566(2)       1692(2)      -1624(1)       18(1)  
 C(20)        9595(2)       1213(1)       -829(1)       16(1)  
 C(21)        9157(1)       1558(1)        295(1)       13(1)  
 C(22)        7362(2)        425(1)       1104(1)       14(1)  
 C(23)        7150(2)         -1(1)        195(2)       18(1)  
 C(24)        6261(2)       -713(2)        491(2)       20(1)  
 C(25)        5593(2)      -1012(2)       1639(2)       22(1)  
 C(26)        5787(2)       -576(2)       2528(2)       20(1)  
 C(27)        6676(2)        152(1)       2249(1)       15(1)  
 C(28)        7069(2)        767(1)       2942(1)       14(1)  
 C(29)        6590(2)        713(2)       4223(1)       17(1)  
 Cl(1)        2600(1)       6718(1)       2039(1)       18(1)  
 O(1)         2730(1)       7698(1)       1226(1)       29(1)  
 O(2)         3198(1)       6848(1)       2844(1)       31(1)  
 O(3)         3178(2)       5713(1)       1441(1)       34(1)  
 O(4)         1328(1)       6661(2)       2645(2)       40(1)  
 Cl(2)        2843(1)       2653(1)       4962(1)       21(1)  
 O(5)         1639(1)       2324(2)       5296(2)       43(1)  
 O(6)         2850(1)       3748(1)       4358(1)       29(1)  
 O(7)         3171(2)       2709(2)       5962(2)       56(1)  
 O(8)         3715(2)       1848(1)       4218(2)       38(1)  
 O(9)         5031(1)       7700(1)       9452(1)       26(1)  




Table A.6.  Atomic coordinates [× 104] and equivalent isotropic displacement parameters 
[Å2 × 103] for [Ru(Ppes)(Pmi)](ClO4)2.  U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor.  
________________________________________________________________  
                      x                  y                z           U(eq) 
________________________________________________________________  
 C(1)        -1081(6)       -414(4)       3086(5)       24(2)  
 C(2)         -960(5)         -1(3)       2308(4)       16(1)  
 C(3)        -1660(5)        -20(3)       1418(4)       18(1)  
 C(4)        -2739(6)       -336(4)       1051(5)       23(1)  
 C(5)        -3229(6)       -208(4)        168(5)       24(2)  
 C(6)        -2674(6)        202(4)       -352(5)       28(2)  
 C(7)        -1635(6)        520(4)          0(4)       21(1)  
 C(8)        -1145(5)        413(3)        906(4)       16(1)  
 C(9)          808(5)       1028(3)       1359(4)       18(1)  
 C(10)         921(6)       1231(4)        532(4)       22(1)  
 C(11)        1947(6)       1545(4)        479(5)       24(1)  
 C(12)        2800(6)       1625(4)       1238(5)       23(1)  
 C(13)        2638(5)       1416(4)       2034(5)       20(1)  
 C(14)        1959(5)       -438(4)       3204(5)       22(1)  
 C(15)        2469(6)      -1105(4)       3449(5)       25(2)  
 C(16)        3211(6)      -1177(4)       4268(5)       28(2)  
 C(17)        3454(6)       -564(4)       4797(5)       25(2)  
 C(18)        2927(5)         92(4)       4529(4)       20(1)  
 C(19)        3254(6)        728(4)       5125(4)       25(2)  
 C(20)        3595(5)       1391(4)       4675(5)       23(1)  
 C(21)        1802(6)       2214(3)       4880(4)       20(1)  
 C(22)        2230(6)       2848(3)       5307(5)       24(2)  
 C(23)        1773(6)       3130(4)       5959(5)       26(2)  
 C(24)         897(6)       2766(4)       6206(5)       25(2)  
 C(25)         464(6)       2130(3)       5781(4)       20(1)  
 C(26)         888(5)       1859(3)       5093(4)       20(1)  
 C(27)       -1171(6)       1260(4)       4191(5)       23(1)  
 C(28)       -1627(5)       1517(4)       3244(5)       23(1)  
 C(29)       -1002(5)       2123(4)       2944(4)       20(1)  
 C(30)       -1522(6)       2788(4)       2753(5)       28(2)  
 C(31)       -1003(7)       3341(4)       2420(5)       28(2)  
 C(32)          63(6)       3220(4)       2276(5)       26(2)  
 C(33)         547(6)       2547(3)       2479(4)       20(1)  
 Cl(1)        9966(1)       1985(1)       8348(1)       22(1)  
 Cl(2)         348(1)       4560(1)       7671(1)       21(1)  
 N(1)         -104(4)        444(3)       2338(3)       16(1)  
 N(2)         -175(5)        697(3)       1483(3)       18(1)  
 N(3)         1624(4)       1141(3)       2105(3)       17(1)  




 N(5)           55(4)       2001(3)       2822(3)       16(1)  
 O(1)        11129(4)       1904(3)       8277(4)       39(1)  
 O(2)         9288(5)       2304(3)       7546(3)       33(1)  
 O(3)         9524(5)       1280(3)       8462(3)       33(1)  
 O(4)         9953(5)       2427(3)       9097(4)       35(1)  
 O(5)          351(5)       3834(3)       7981(5)       50(2)  
 O(6)         -444(5)       4965(4)       8012(6)       62(2)  
 O(7)         1478(4)       4857(3)       8006(4)       32(1)  
 O(8)           47(5)       4551(4)       6738(4)       60(2)  
 Ru(1)        1082(1)       1066(1)       3269(1)       16(1)  
 S(1)         2385(1)       1878(1)       4022(1)       18(1)  




Table A.7.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement 
parameters (Å2x 103) for [Ru(Pdto)(Ppbi)](ClO4)2 .2H2O.  U(eq) is defined as one third 
of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________
________  
 x y z U(eq) 
________________________________________________________________________
________   
Ru 2489(1) 2734(1) 2498(1) 19(1) 
Cl(1) 4599(1) -575(1) 4886(1) 34(1) 
Cl(2) 26(1) -331(1) -530(1) 33(1) 
S(1A) 2962(1) 1539(1) 3659(1) 24(1) 
S(1B) 1942(1) 1742(1) 1023(1) 22(1) 
O(11) 4539(3) 51(4) 4067(4) 71(2) 
O(12) 5200(3) -287(3) 5944(4) 53(1) 
O(13) 4791(3) -1425(3) 4644(5) 68(2) 
O(14) 3882(2) -608(3) 4918(4) 55(1) 
O(21) 745(2) -338(3) -552(4) 49(1) 
O(22) -585(2) -110(3) -1626(4) 50(1) 
O(23) 55(3) 325(3) 247(4) 47(1) 
O(24) -112(3) -1179(3) -204(4) 57(1) 
O(1W) 3783(3) -448(4) 1637(4) 56(1) 
O(2W) 979(3) 368(4) -2358(4) 57(1) 
N(1) 2915(2) 3693(2) 3798(3) 21(1) 
N(2) 2161(2) 3938(3) 1640(3) 19(1) 
N(3) 2133(2) 5405(2) 1653(3) 21(1) 
N(1A) 1395(3) 2689(2) 2462(4) 20(1) 
N(1B) 3563(3) 2757(2) 2462(4) 22(1) 
C(1) 3343(3) 3538(3) 4925(4) 23(1) 
C(2) 3614(3) 4178(3) 5741(4) 26(1) 
C(3) 3422(3) 5043(3) 5399(4) 27(1) 
C(4) 2998(3) 5231(3) 4262(4) 24(1) 
C(5) 2771(3) 4552(3) 3493(4) 22(1) 
C(6) 2366(3) 4656(2) 2278(4) 20(1) 
C(7) 1762(2) 4228(3) 544(4) 20(1) 




C(9) 1013(3) 4250(3) -1444(4) 25(1) 
C(10) 1027(3) 5176(3) -1433(4) 29(1) 
C(11) 1381(3) 5632(3) -447(4) 25(1) 
C(12) 1741(3) 5149(3) 523(4) 20(1) 
C(13) 2259(3) 6312(3) 1980(4) 22(1) 
C(14) 1623(3) 6852(3) 1675(4) 27(1) 
C(15) 1725(4) 7732(3) 1903(5) 32(1) 
C(16) 2454(5) 8084(3) 2447(6) 37(1) 
C(17) 3094(4) 7546(4) 2782(5) 39(1) 
C(18) 3004(3) 6651(3) 2544(4) 27(1) 
C(1A) 791(3) 3010(3) 1524(4) 23(1) 
C(2A) 40(3) 3046(4) 1364(5) 29(1) 
C(3A) -92(3) 2740(3) 2219(5) 30(1) 
C(4A) 515(3) 2384(3) 3166(5) 30(1) 
C(5A) 1253(3) 2363(3) 3277(4) 24(1) 
C(6A) 1895(3) 2002(4) 4348(4) 30(1) 
C(7A) 2315(3) 1216(3) 4199(4) 30(1) 
C(8A) 2830(3) 615(3) 2747(4) 30(1) 
C(1B) 4204(3) 2914(4) 3449(5) 26(1) 
C(2B) 4925(3) 2985(4) 3550(5) 32(1) 
C(3B) 5027(4) 2863(4) 2634(6) 38(1) 
C(4B) 4390(3) 2686(4) 1630(5) 33(1) 
C(5B) 3662(3) 2636(3) 1556(4) 26(1) 
C(6B) 2987(3) 2454(4) 433(4) 31(1) 
C(7B) 2561(3) 1603(3) 379(4) 30(1) 





Table A.8.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement 
parameters (Å2x 103) for [Ru(Pdto)(Dmpb)](ClO4)2 .H2O.  U(eq) is defined as one third 
of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________
________  
 x y z U(eq) 
________________________________________________________________________
________  
Ru(1) 78(1) 7182(1) 12363(1) 20(1) 
Ru(2) -5330(1) 11996(1) 8946(1) 24(1) 
Cl(1) -2448(1) 9909(1) 9097(1) 33(1) 
Cl(2) 2079(1) 3699(1) 10610(1) 34(1) 
Cl(3) -2867(1) 5142(1) 11633(1) 33(1) 
Cl(4) 1863(1) 4938(1) 12900(1) 32(1) 
S(1A) 303(1) 8075(1) 13108(1) 26(1) 
S(2A) -1294(1) 7264(1) 12336(1) 24(1) 
S(1B) -6701(1) 11940(1) 8935(1) 31(1) 
S(2B) -5218(1) 12885(1) 9675(1) 29(1) 
O(11) -2238(2) 9217(2) 9197(2) 79(1) 
O(12) -2596(3) 10228(2) 9655(2) 102(1) 
O(13) -1835(2) 10291(2) 8906(2) 63(1) 
O(14) -3193(2) 9940(2) 8583(2) 83(2) 
O(21) 1426(3) 4135(2) 10649(2) 87(1) 
O(22) 2189(2) 3739(2) 9974(2) 82(1) 
O(23) 1924(2) 3020(2) 10772(2) 67(1) 
O(24) 2801(3) 3904(2) 11081(2) 120(2) 
O(31) -2462(3) 4738(2) 12179(2) 102(2) 
O(32) -2646(2) 4907(2) 11057(2) 83(1) 
O(33) -3729(2) 5063(2) 11530(2) 52(1) 
O(34) -2644(2) 5846(2) 11748(2) 48(1) 
O(41) 2384(2) 5498(2) 13130(2) 60(1) 
O(42) 2059(3) 4396(2) 13369(2) 63(1) 
O(43) 1962(2) 4711(2) 12269(1) 48(1) 
O(44) 1027(2) 5132(2) 12822(2) 56(1) 
O(1W) 2771(2) 5424(1) 11201(1) 35(1) 




O(2WB) 4184(4) 4781(5) 10415(3) 34(1) 
O(2WC) 3660(4) 5348(2) 10238(3) 34(1) 
O(2WD) 3697(4) 4951(5) 10403(4) 34(1) 
N(1A) -218(2) 7855(2) 11536(1) 24(1) 
N(2A) 366(2) 6554(2) 13227(1) 23(1) 
N(3A) -48(2) 6333(2) 11707(1) 22(1) 
N(4A) 1289(2) 7038(1) 12283(1) 21(1) 
N(5A) 2150(2) 6421(2) 11870(1) 23(1) 
N(1B) -4938(2) 11391(2) 9817(1) 28(1) 
N(2B) -5744(2) 12627(2) 8094(1) 26(1) 
N(3B) -5342(2) 11173(2) 8289(1) 30(1) 
N(4B) -4099(2) 11996(2) 8853(1) 26(1) 
N(5B) -3169(2) 11445(2) 8459(2) 36(1) 
C(1A) -813(2) 7657(2) 10994(2) 27(1) 
C(2A) -1117(2) 8061(2) 10451(2) 32(1) 
C(3A) -808(2) 8707(2) 10445(2) 41(1) 
C(4A) -192(2) 8916(2) 10988(2) 39(1) 
C(5A) 95(2) 8487(2) 11518(2) 29(1) 
C(6A) 759(2) 8736(2) 12094(2) 30(1) 
C(7A) 465(2) 8867(2) 12710(2) 33(1) 
C(8A) -679(2) 8235(2) 13290(2) 30(1) 
C(9A) -1388(2) 8094(2) 12698(2) 29(1) 
C(10A) -1536(2) 6685(2) 12935(2) 29(1) 
C(11A) -1016(2) 6043(2) 13010(2) 28(1) 
C(12A) -163(2) 6140(2) 13429(2) 26(1) 
C(13A) 65(2) 5811(2) 14041(2) 33(1) 
C(14A) 839(3) 5873(2) 14449(2) 40(1) 
C(15A) 1395(2) 6278(2) 14237(2) 34(1) 
C(16A) 1131(2) 6610(2) 13637(2) 27(1) 
C(17A) -735(2) 5983(2) 11423(2) 25(1) 
C(18A) -748(2) 5428(2) 11019(2) 29(1) 
C(19A) -30(2) 5201(2) 10893(2) 29(1) 
C(20A) 684(2) 5568(2) 11163(2) 27(1) 
C(21A) 652(2) 6119(2) 11564(2) 23(1) 
C(22A) 1365(2) 6520(2) 11890(2) 23(1) 




C(24A) 3470(2) 6981(2) 12500(2) 25(1) 
C(25A) 3768(2) 7473(2) 12969(2) 25(1) 
C(26A) 4679(2) 7573(2) 13234(2) 35(1) 
C(27A) 3229(2) 7875(2) 13232(2) 26(1) 
C(28A) 3569(2) 8397(2) 13753(2) 32(1) 
C(29A) 2389(2) 7777(2) 13025(2) 24(1) 
C(30A) 2085(2) 7272(2) 12551(2) 22(1) 
C(1B) -4181(2) 11521(2) 10215(2) 29(1) 
C(2B) -3870(2) 11224(2) 10822(2) 32(1) 
C(3B) -4355(3) 10774(2) 11054(2) 38(1) 
C(4B) -5120(3) 10620(2) 10660(2) 37(1) 
C(5B) -5405(2) 10931(2) 10038(2) 30(1) 
C(6B) -6247(2) 10754(2) 9627(2) 36(1) 
C(7B) -6856(2) 11343(2) 9554(2) 38(1) 
C(8B) -6895(2) 12737(2) 9299(2) 44(1) 
C(9B) -6201(2) 12926(2) 9887(2) 42(1) 
C(10B) -5224(3) 13684(2) 9236(2) 42(1) 
C(11B) -4901(3) 13589(2) 8627(2) 37(1) 
C(12B) -5510(2) 13281(2) 8048(2) 29(1) 
C(13B) -5833(2) 13668(2) 7485(2) 31(1) 
C(14B) -6380(2) 13391(2) 6945(2) 31(1) 
C(15B) -6612(2) 12726(2) 6982(2) 27(1) 
C(16B) -6296(2) 12371(2) 7559(2) 26(1) 
C(17B) -5999(3) 10804(2) 7974(2) 37(1) 
C(18B) -5999(3) 10370(2) 7455(2) 49(1) 
C(19B) -5286(3) 10313(2) 7251(2) 62(2) 
C(20B) -4592(3) 10661(2) 7584(2) 50(1) 
C(21B) -4637(3) 11086(2) 8097(2) 33(1) 
C(22B) -3966(2) 11502(2) 8460(2) 30(1) 
C(23B) -2742(2) 11923(2) 8886(2) 32(1) 
C(24B) -1905(2) 12062(2) 9110(2) 37(1) 
C(25B) -1657(2) 12579(2) 9549(2) 35(1) 
C(26B) -757(2) 12717(3) 9827(2) 45(1) 
C(27B) -2238(2) 12979(2) 9772(2) 32(1) 
C(28B) -1952(2) 13564(2) 10229(2) 38(1) 








Table A.9.  Atomic coordinates [× 104] and equivalent isotropic displacement parameters 
[Å2 × 103] for [Ru(Pdto)(Capp)](ClO4)2  U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor.  
________________________________________________________________  
                         x                 y                 z             U(eq) 
________________________________________________________________  
 N(1A)        5463(3)       2377(3)       2067(2)       28(1) 
 N(2A)        2263(2)       2653(3)       1948(2)       21(1) 
 N(5A)        3934(3)       3826(3)       2404(2)       24(1) 
 N(3A)        3804(3)       2384(3)       3197(2)       23(1) 
 N(2B)       10470(3)       7972(3)       2073(2)       29(1) 
 N(1B)        7286(3)       7596(3)       1981(2)       27(1) 
 N(5B)        9022(3)       6480(3)       2440(2)       26(1) 
 N(3B)        8808(3)       7932(3)       3224(2)       28(1) 
 O(1)           5486(3)       4434(3)       5399(2)       44(1) 
 O(2)           4507(3)       5101(3)       6340(2)       38(1) 
 O(3)           4499(3)       3578(3)       6208(2)       47(1) 
 O(4)           5953(4)       4301(4)       6673(3)       80(2) 
 O(5)           -523(3)       6736(3)       6223(2)       44(1) 
 O(6)           -509(3)       5216(3)       6265(3)       53(1) 
 O(7)             544(3)       5917(3)       5433(2)       55(1) 
 O(8)             850(3)       5943(4)       6736(2)       68(1) 
 C(16A)        1898(3)      3448(3)      1702(2)       25(1) 
 C(1B)         6952(4)       6817(4)       1754(3)       29(1) 
 N(4B)        8804(3)       6407(3)       3193(2)       25(1) 
 C(8B)          9111(4)       9324(4)        766(2)       33(1) 
 N(4A)        3709(3)       3896(3)       3166(2)       23(1) 
 C(9A)          4163(4)        987(4)        750(3)       35(1) 
 C(21B)       8863(4)       7191(3)       3619(3)       28(1) 
 C(9B)          8613(4)       8596(4)        333(3)       33(1) 




 C(8A)          3677(4)       1711(4)        304(3)       38(1) 
 C(22A)       3483(4)       4757(3)       3336(3)       28(1) 
 C(1A)        5847(3)       1763(4)       2559(3)       30(1) 
 C(16B)      10848(4)       8557(4)       2575(3)       37(1) 
 C(17A)       3870(4)       1634(3)       3591(3)       29(1) 
 C(13B)      12162(4)       7744(4)       1642(3)       42(1) 
 C(12B)     11122(3)       7572(4)       1618(3)       33(1) 
 C(4A)        7161(3)       2618(4)       1675(3)       41(1) 
 C(7A)         5142(3)       3053(4)        431(3)       38(1) 
 C(5A)        6137(3)       2807(4)       1616(3)       30(1) 
 C(10B)      10114(3)       7306(3)        417(2)       32(1) 
 C(2B)        5947(4)       6585(5)       1664(3)       42(1) 
 C(15A)        884(3)       3613(4)       1616(2)       32(1) 
 C(17B)       8846(4)       8705(4)       3620(3)       34(1) 
 C(4B)         5558(4)       8022(6)       2051(3)       67(2) 
 C(6A)         5749(3)       3459(3)       1060(3)       34(1) 
 C(11B)      10765(4)       6903(4)       1039(3)       39(1) 
 C(18A)       3984(4)       1616(4)       4359(3)       38(1) 
 C(22B)       8980(3)       5661(4)       2173(3)       28(1) 
 C(23A)       3550(3)       5228(3)       2686(3)       27(1) 
 C(24A)       3830(3)       4642(3)       2124(3)       28(1) 
 C(18B)       8932(4)       8741(4)       4391(3)       40(1) 
 C(5B)        6571(4)       8223(4)       2129(3)       40(1) 
 C(12A)       1575(3)       2026(3)       2092(2)       26(1) 
 C(23B)       8714(3)       5087(3)       2745(3)       29(1) 
 C(20B)       9003(4)       7161(4)       4388(3)       39(1) 
 C(19B)       9047(5)       7942(4)       4781(3)       48(2) 
 C(14B)      12508(4)       8340(4)       2184(4)       50(2) 
 C(19A)       4011(4)       2388(4)       4753(3)       42(1) 
 C(3A)        7543(3)       2024(4)       2182(3)       42(1) 




 C(3B)        5229(4)       7223(6)       1809(3)       68(2) 
 C(2A)        6877(4)       1595(4)       2635(3)       39(1) 
 C(14A)        187(4)       2959(4)       1762(3)       39(1) 
 C(15B)      11853(4)       8746(4)       2657(3)       39(1) 
 C(13A)        536(4)       2159(4)       1998(3)       36(1) 
 Ru(1A)       3869(1)       2523(1)       2021(1)       18(1) 
 Ru(1B)       8882(1)       7785(1)       2043(1)       23(1) 
 S(1A)         3867(1)       2786(1)        741(1)       24(1) 
 S(2A)         3829(1)       1056(1)       1729(1)       26(1) 
 S(2B)         8840(1)       7528(1)        761(1)       26(1) 
 S(1B)        8789(1)       9256(1)       1760(1)       32(1) 
 S(5)           5111(1)       4346(1)       6156(1)       29(1) 
 S(6)             135(1)       5989(1)       6155(1)       32(1) 
 C(11A)       1907(4)       1110(3)       2307(3)       34(1) 
 C(10A)       2528(4)        684(4)       1690(3)       39(1) 
 C(6B)        6878(4)       9116(4)       2349(3)       48(1) 
 C(7B)        7468(5)       9591(4)       1728(4)       54(2) 
 C(29A)       3064(3)       6101(2)       2830(2)       31(1) 
 C(29B)       8493(3)       4143(3)       2958(2)       33(1) 
 C(26A)       2934(3)       5307(3)       3929(2)       33(1) 
 C(25B)       7717(4)       5351(3)       4684(3)       39(1) 
 C(26B)       8258(3)       4977(3)       4020(2)       29(1) 
 C(31A)       2779(4)       6996(3)       4044(3)       50(1) 
 C(31B)       7309(4)       3468(3)       3970(3)       48(1) 
 C(30A)       3343(3)       6231(2)       3660(2)       36(1) 
 C(32B)       6662(3)       4691(3)       3187(3)       42(1) 
 C(28A)       1907(3)       5886(3)       2867(2)       37(1) 
 C(30B)       7623(3)       4303(2)       3532(2)       35(1) 
 C(28B)       9372(3)       3854(3)       3478(3)       39(1) 
 C(27B)       9211(3)       4415(3)       4196(2)       36(1) 




 S(7)           8318(1)       4730(1)        269(1)       28(1) 
 S(8)           3280(1)       5599(1)        252(1)       29(1) 
 O(9)           7464(3)       5112(3)        617(3)       69(2) 
 O(12)          8037(6)       4257(4)       -364(3)      101(2) 
 O(13)          3877(4)       4888(3)         46(4)       88(2) 
 O(10)          8968(5)       5425(4)         90(4)      112(3) 
 O(11)          8791(4)       4123(3)        773(3)       74(2) 
 O(14)          3829(4)       6152(5)        723(3)       97(2) 
 O(15)          2959(4)       6085(3)       -383(2)       71(1) 
 O(16)          2429(3)       5260(3)        654(2)       47(1) 
 C(25A)       2986(5)       5105(4)       4755(3)       53(2) 
 C(27A)       1831(3)       5327(3)       3590(2)       40(1) 




Table A.10.  Atomic coordinates [× 104] and equivalent isotropic displacement 
parameters [Å2 × 103] for (1R)-(+)-camphor-(2’-pyridyl)pyrazole  (Capp).  U(eq) is 
defined as one third of the trace of the orthogonalized Uij tensor.  
________________________________________________________________  
                       x                 y                z           U(eq) 
________________________________________________________________  
 C(1)          178(2)       6193(1)       4227(1)       17(1) 
 C(2)          959(3)       6114(2)       5040(1)       23(1) 
 C(3)         -293(3)       6118(2)       5718(1)       25(1) 
 C(4)        -2247(3)       6205(2)       5567(1)       22(1) 
 C(5)        -2863(3)       6270(2)       4730(1)       24(1) 
 C(6)         3918(3)       5718(2)       2811(1)       22(1) 
 C(7)         2712(2)       6264(1)       2242(1)       19(1) 
 C(8)         2322(3)       6587(1)       1333(1)       20(1) 
 C(9)          706(3)       5804(2)       1027(1)       21(1) 
 C(10)       -1069(3)       6174(1)       1556(1)       20(1) 
 C(11)        -298(3)       7124(1)       2122(1)       17(1) 
 C(12)        1132(2)       6558(1)       2701(1)       17(1) 
 C(13)        1192(3)       7668(1)       1488(1)       19(1) 
 C(14)         252(3)       8132(2)        684(1)       26(1) 
 C(15)        2393(3)       8575(2)       1885(1)       26(1) 
 C(16)       -1822(3)       7870(2)       2491(1)       23(1) 
 N(1)         1402(2)       6180(1)       3510(1)       17(1) 
 N(2)         3153(2)       5674(1)       3585(1)       22(1) 





Table A.11.  Atomic coordinates [× 104] and equivalent isotropic displacement 
parameters [Å2 × 103] for  [Ru(Dien)(Phen)(PPh3](ClO4)2 .CH3OH.  U(eq) is defined as 
one third of the trace of the orthogonalized Uij tensor.  
________________________________________________________________  
                        x                 y                 z           U(eq) 
________________________________________________________________  
 C(1)          3390(2)       4669(2)         56(2)       31(1)  
 C(2)          2970(2)       3696(2)         45(2)       26(1)  
 C(3)         3075(2)       2384(2)       1189(2)       24(1)  
 C(4)         2913(2)       2244(2)       2125(2)       25(1)  
 C(5)         1153(1)       4089(2)       1512(2)       18(1)  
 C(6)            997(1)       4395(2)        666(2)       20(1)  
 C(7)            470(2)       3894(2)        113(2)       25(1)  
 C(8)             89(2)       3084(2)        393(2)       27(1)  
 C(9)           243(2)       2761(2)       1226(2)       31(1)  
 C(10)         769(2)       3260(2)       1781(2)       25(1)  
 C(11)        1604(1)       4534(2)       3277(2)       20(1)  
 C(12)        1678(1)       3620(2)       3660(2)       24(1)  
 C(13)        1452(2)       3463(2)       4494(2)       29(1)  
 C(14)        1168(2)       4221(2)       4974(2)       37(1)  
 C(15)        1100(2)       5121(2)       4609(2)       37(1)  
 C(16)        1313(2)       5277(2)       3770(2)       28(1)  
 C(17)        1660(1)       5976(2)       1978(1)       19(1)  
 C(18)         852(1)       6251(2)       1890(2)       22(1)  
 C(19)         648(2)       7210(2)       1767(2)       27(1)  
 C(20)        1244(2)       7902(2)       1732(2)       30(1)  
 C(21)        2044(2)       7635(2)       1810(2)       28(1)  
 C(22)        2252(2)       6673(2)       1939(2)       23(1)  
 C(23)        4866(1)       3589(2)       1139(2)       20(1)  
 C(24)        5698(1)       3472(2)       1142(2)       23(1)  
 C(25)        6173(1)       3846(2)       1807(2)       23(1)  
 C(26)        5808(1)       4349(2)       2459(2)       20(1)  
 C(27)        6255(1)       4760(2)       3181(2)       22(1)  
 C(28)        5881(1)       5247(2)       3792(2)       22(1)  
 C(29)        5028(1)       5393(2)       3731(2)       20(1)  
 C(30)        4625(2)       5917(2)       4344(2)       24(1)  
 C(31)        3807(2)       6019(2)       4229(2)       25(1)  
 C(32)        3397(2)       5619(2)       3511(2)       23(1)  
 C(33)        4966(1)       4455(2)       2394(2)       17(1)  
 C(34)        4575(1)       4996(2)       3027(1)       17(1)  
 C(35)        7946(2)       2771(2)        577(2)       41(1)  
 Cl(1)        8543(1)       5444(1)       2102(1)       26(1)  
 Cl(2)        4879(1)       7056(1)       1254(1)       20(1)  
 N(1)         3225(1)       5250(1)        810(1)       22(1)  
 N(2)         2802(1)       3360(1)        934(1)       19(1)  




 N(4)         4491(1)       4064(1)       1737(1)       16(1)  
 N(5)         3757(1)       5106(1)       2912(1)       17(1)  
 O(5)         4082(1)       7397(1)       1022(1)       35(1)  
 O(6)         5034(1)       7100(1)       2170(1)       29(1)  
 O(7)         4950(1)       6081(1)        962(1)       28(1)  
 O(8)         5458(1)       7648(1)        844(1)        27(1)  
 O(9)         8021(2)       3739(2)        358(1)        46(1)  
 O(1)         9011(12)      5509(5)       2903(5)       69(4)  
 O(3)         7799(6)       5094(5)       2167(12)      59(4)  
 O(4)         8576(13)      6395(15)      1714(11)      38(3)  
 O(2)           9020(1)       4771(2)       1650(2)       51(1)  
 O(1B)        8469(9)       5357(6)       3026(3)       55(3)  
 O(3B)        7717(5)       5259(8)       1764(6)       53(2)  
 O(4B)      8723(13)      6360(14)      1873(14)      60(4)  
 P(3)           1931(1)       4717(1)       2179(1)       16(1)  






































Figure B.1.  Mass spectra of [Ru(Ppes)(Ppti)](ClO4)2. Inset: Detailed view of 


































Figure B.2.  Mass spectra of [Ru(Pdto)(Dmzp)](ClO4)2. Inset: Detailed view of 





































Figure B.3.  Mass spectra of [Ru(Ppes)(Mqbi)](ClO4)2. Inset: Detailed view of 



































Figure B.4.  Mass spectra of [Ru(Ppes)(Dpzp)](ClO4)2. Inset: Detailed view of 



































Figure B.5.  Mass spectra of [Ru(Pdto)(PnimH)](ClO4)2. Inset: Detailed view of 
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